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SUMMARY 


The  fourth  eeml-ennuel  technical  reports  are  collected  from  five  subcontractors  of 
an  ARFA  sponsored  program  on  the  very  low  temperature  properties  of  structural  materials 
to  support  the  development  of  superconducting  siachlnery.  The  program  Is  outlined  and 
research  progress  Is  reported.  Low  temperature  data  are  presented  for  the  elastic,  tensile, 
fatigue  and  fracture  properties,  thermal  expansion,  specific  heat,  thermal  and  magneto- 
thermal  conductivity,  electrical  and  magnetic  properties  of  structural  alloys.  Effects  of 
processing  and  fabrication  are  also  reported  for  many  of  the  properties;  weld  and  braze 
joint  properties  are  Included.  Tensile  and  compressive  data  at  4 K of  selected  composites 
are  presented. 
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INTRODUCTION 

Thia  report  contains  results  of  a widespread  program  designed  to  fulfill  the  need  for 
materials  propert-'es  data  to  assist  the  design  and  development  of  superconducting  machinery. 
The  program  was  concel  ed  and  developed  Jointly  by  the  staffs  of  the  Materials  Sciences  - 
Advanced  Research  Projects  Agency  and  the  Cryogenics  Division  -National  Bureau  of  Standards. 
This  ARPA  - sponsored  program  on  "Low  Temperature  Properties  of  Structural  Materials  In 
Support  of  Superconducting  Machinery"  Is  managed  by  NBS,  with  subcontracts  to  four  other 
laboratories. 

PROGRAM  DESCRIPTION 

The  program's  objectives  are:  1)  to  evaluate  candidate  structural  materials  for  use 

In  superconducting  electrical  machinery  by  determining  their  mechanical  and  physical  pro- 
perties between  4 and  300  K and  the  effects  on  these  properties  of  processing  and  joining, 

2)  to  explore  new  materials,  such  as  composites,  for  potential  innovative  design  applica- 
tions by  performing  screening  tests  on  their  low  temperature  properties,  and  3)  to  assist 
the  Information  transfer  of  the  available  low  temperature  properties  data  into  design  use 
by  compiling  and  publishing  what  literature  data  are  available  and  assessing  what  properties 
need  further  study. 

The  second  year's  program  plan  to  meet  these  objectives  Is  shown  In  Table  1 and  Table 
2.  These  outline  the  efforts  at  the  five  research  laboratories  with  a brief  description  of 
each  program  In  Table  1.  The  organizational  contacts  for  each  research  laboratory  are 
shown  in  Table  3.  It  can  be  easily  seen  from  the  program  plan  that  the  major  thrust  has 
been  fatigue  and  fracture  measurements  at  low  temperatures  where  virtually  no  data  have 
previously  existed. 

During  the  first  year  (1973/74)  research  was  directed  toward  composite  review  and 
measurement.  This  year  (1974/75)  measurements  have  been  initiated  on  alloys  designed  to 
provide  a structural  ferromagnetic  material  at  low  temperatures  and  a high  strength-higti 
conductivity  material.  Composite  research  is  continuing. 

A nkijor  new  materials  conlirence,  t tie  lnternafion.il  Irvogenic  MatiTi.ilv,  i oiif  i-reiu  e , 
was  held  at  Kingston,  Ontario,  in  July,  1975.  Over  60  technical  papers  (la  from  this 
program)  were  presented  and  the  proceedings  will  appear  as  a bound  volume. 
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Table  1 


ARFA  - Low  Temperature  Prop^rtlea  of  Structural  Materlala 


Program  Area 


Second  Year  Program  (FY  75) 
Organleatlon 


Program  Deacrlptlon 


Mechanical  Proper t lea 

1.  Fracture  and  Fitlgue 

a.  Materlala  Group  MBS-Cryogenlca 


b.  Materlala  Group  Weatlnghouae 


c.  Materlala  Group  Mart  In-Denver 


2.  Effecta 

a.  Processing 


Westlrghouae 


Fracture  toughr  as,  fatigue 
crack  growth  rate,  fatigue 
sustained  load  crack  growth 
rate  tests  from  4-300  K on 
structural  alloys,  and  the 
effects  of  stress  level  and 
frequency. 

Mechanical,  nuignetlc, 
electrical  loss  characteriza- 
tion of  alloys  proposed  for  use 
In  DOD  sponsored  programs. 
Mechanical  tests  Include  ten- 
sile, fracture  toughness, 
fatigue. 

Fatigue  on  selected,  cough 
alloys  at  4,  76  and  300  K. 


Identification  of  effects  of 
fabrication  and  processing 
techniques  on  mechanical 
properties  of  selected  alloys. 
Variables  Include  Industrial 
melting  practices,  powder 
metallurgy  techniques,  cold 
working,  grain  size,  and 
Inhomogene 1 1 1 e s . 


b.  Joining 


Westlnghouse 


3.  Elastic  Properties  NBS-Cry'/genlcs 


Mechanical  properties  of 
fabricated  metal  Joints, 

Including  welding  (GTAW,  EB, 
GMAW),  brazing,  and  soldering 
from  4-300  K.  Properties 
Include  tensile,  notched  tensile, 
fracture  toughness,  and  fatigue 
crack  growth  rate  in  the  fused 
and  heat  affected  zones  and 
the  base  metal. 

Tensile  and  dynamic  elastic 
(Young's,  shear,  bulk  moduli) 
measurements  on  structural 
alloys,  electrical,  and  com- 
posite materials  from  4-300  K. 
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0 


0 
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Table  2 


MATERIAL  OBJECTIVES 


PROPERTIES 


STRUCTURAL 


COMPOSITES 


FERROMAGNETIC  SUPERCONDUCTING  HIGH  STRENGTH 

M/JJNET  HIGH  CONDUaiVITY 


Fracture  Toughness, 
Fatlftue  Crack 
Growth  Rate,  anH 
Tensile 


Fat ieue 


21-6-9  (NBS) 

Inc  718  (NBS.Wl 
2014  A1  (NFS) 

Inc  750,  weld  (W) 
Inc  718,  weld  (W) 
Inc  706,  parent  (W) 
and  weld 

Low  Expan  Fe-Nl,(W) 
parent  and  weld 


AlSl  304  (M) 
AlSl  310  (M) 
21-6-9  (M) 
Inc  718  (M) 
A-286  (M) 


Fe-9N1  (NBS) 


PD-135  (W) 


Tensile, 

Compression, 

Shear 


B/epoxy  (NBS) 

B/Al  (NBS) 

C/epoxy  (NBS) 
K-49/epoxy  (NBS) 
S-glasa/epoxy  (NBS) 
Composite  - metal 
joints  (G.E.) 


Elastic 


Themal  Conductivity 


Thermal  Expansion 
and 

Specific  Heat 


Inc  718  (NBS) 


Inc  750  (NBS) 


Cu-Nl  (NBS) 


OFHC  (NBS) 


Table  3 


ARPA  - U>w  Teaiperature  Properties  of  Structural  Materials 
Organizational  Contacts 

Advanced  Reaaarch  Projects  Agency,  1400  Wilson  Blvd.,  Arlington,  Virginia  22209 


Program  Director 


Edward  C.  van  Reuth 


202-694-4750 
694-4750  (FTS) 


National  Bureau  of  Standards,  Cryogenics  Division,  Boulder,  Colorado  80302 


Program  Manager 
Contract  Monitor 
Fracture,  Fatigue 
Elastic 

Thermal  Conductivity 
Magneto thermal  Conductivity 
Composites 


Richard  P.  Reed 
Alan  F.  Clark 
Ralph  L.  Tober 
Hassell  M.  Ledbetter 
Jerome  G.  Must 
L.  L.  Sparks 
Maurice  B.  Kasen 


303-499-1000 
323-ext.  (FTS) 


Ext.  3870 
Ext.  3253 
Ext.  4447 
Ext.  3232 
Ext.  3733 
Ext.  3612 
Ext.  3558 


Battelle,  Columbus  Laboratories,  505  King  Avenue,  Columbus,  Ohio  43201 


Program  Manager 
Mechanical  Properties  Data 
Thermal  Properties  Data 
Magnetic  Properties  Data 
Physical  Properties  Mess' t. 


Kenneth  R.  Hanby 
Kenneth  R.  Hanby 
Kenneth  E.  Wilkes 
J.  Ken  Thompson 
Frank  Jellnek 


614-424-6424 
941-8045  (FTS) 


Ext.  1784 
Ext.  1784 
Ext.  3489 
Ext.  2612 
Ext.  1735 


General  Electric  Company,  Research  and  Development  Center,  F.O.  Box  8, 
Schenectady,  N.Y.  11506 


Program  Manager 
Mechanical  Properties 
Polymer  Properties 


William  B.  Hillig 
Richard  L.  Mehan 
Donald  G.  LeGrand 


518-346-8771 

518-346-8771 

518-346-8771 


Ext.  6139 
Ext.  6398 
Ext.  6396 


Martin  Marietta  Aerospace,  Denver  Division,  P.O.  Box  179,  Denver,  Colorado  80201 


Program  Manager 
Principal  Investigator 


Fred  R.  Schwartzberg 
Ted  Kiefer 


303-794-5211 

303-794-5211 


Ext.  2365 
Ext.  2886 


Westlnghouse  Electric  Corporation,  Research  & Development  Center,  Beulah  Road, 
Pittsburgh,  Pennsylvania  15235 


Program  Manager 
Joining  & Processing 
Fracture  Mechanics 
Magnetic  Measurements 
Metallurgy-Fractography 


Joseph  M.  Wells 
Joseph  M.  Wells 
William  A.  Logsdon 
Michael  R.  Daniels 
Ram  Kossowsky 


412-256-7000 

412-256-7000 

412-256-7000 

412-256-7000 

412-256-7000 


Ext.  3633 
Ext.  3633 
Ext.  3652 
Ext.  7267 
Ext.  3684 
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RESULTS  HIGHLIGHTS 


A general  overview  of  this  large  program  la  beat  obtained  by  reading  the  teclinlcal 
auimnary  of  each  contractor  report.  A aunmary  of  ataterlala  Included  In  all  programs  for  the 
aecond  year  la  preaented  In  Table  2,  Hated  by  property  and  material  category.  We  feel  It 
la  uaeful  to  briefly  outline  the  major  technical  accompllahmenta. 

Our  data  handbook,  "Handbook  cn  Materlala  for  Superconducting  Machinery"  became  avail- 
able at  the  flrat  of  the  year  (1975).  A aecond  edition  will  be  publlahed  In  December  of  thla 
year;  thla  will  Include  approximately  40  more  materlala  and  additional  data  for  those 
materlala  already  Included  In  the  handbook. 

New  notched  and  unnotched  fatigue  S-N  data  have  been  generated  for  the  flrat  time  at 
4 K for  aalected  atructural  alloys  (21-6-9,  304L,  310,  A-286,  and  718). 

Adhesive  Joints  between  S-glass-epoxy  composites  and  aluminum  alloys  were  evalusLed; 
bond  strengths  were  found  to  Improve  at  lower  temperatures. 

Thermal  expansion  of  23  new  materials  and  specific  heat  of  six  materials  were  measured 
to  4 K. 

Processing  and  Joining  effects  on  low  temperature  mechanical  properties  were  continued 
on  alloys  718,  750,  Inconel  LEA,  and  PD-135. 

Fracture  toughness  of  alloy  21-6-9  was  measured  at  300,  76,  and  4 K and  the  fatigue 
crack  growth  rate  behavior  of  austenitic  steels  at  4 K summarized. 

Nt  tensile  data  at  low  temperatures  are  reported  for  five  epoxy  and  metal-base 
composites. 

A new  major  materials  conference,  14th  International  Cryogenic  Materials  Conference 
(ICMC)  was  held  In  Kingston,  Ontario  du'^lng  July,  1975.  Over  60  contributed  papers  were 
presented;  these  will  be  published  In  c bound  volume  during  early  1976. 

A third  workshop  Is  planned  to  be  held  in  Vail,  Colorado  in  early  April,  1976.  Details 
will  be  announced  near  the  end  of  the  year. 
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HANDBOOK 


One  of  the  no  it  Important  outputs  of  this  program  Is,  of  course,  the  handbook.  It 
collects  In  one  volume  all  the  data  that  are  available.  Including  the  new  data  generated 
by  this  prograr,  on  the  low  temperature  properties  of  structural  materials  for  use  In 
superconducting  machinery.  This  work  Is  being  handled  by  Battelle,  Columbus  Laboratories 
under  the  direction  of  Ken  R.  Hanby.  The  handbook  presents  in  loose  leaf  format,  so  that 
It  can  be  i>dded  to  In  the  succeeding  years,  mechanical,  thermal,  electrical,  and  magnetic 
properties  of  materials  for  superconducting  machinery.  Both  tabular  and  graphical  pre- 
sentations are  made  for  best-value  data  along  with  original  data  and  test  condlt  ons.  The 
reference  sources  have  been  the  Materials  and  Ceramics  Information  Center  (MCIC) , the 
Defense  Documentation  Center  (DDC),  and  the  Cryogenic  Information  Center  (CIC). 

The  first  volume  of  the  handbook  Is  available.  It  contains  data  on  more  than  AO 
metals  and  alloys  In  various  conditions,  and  Is  511  pages  long.  Including  740  references. 

The  handbork  Is  available  from  the  National  Technical  Information  Service  (NTIS) , Operations 
Division,  Springfield,  Virginia  22151,  under  the  following  Information: 

Handbook  on  Materials  for  Superconducting 
Machinery  — November  1974 
MCIC  - HB  - 04. 
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FOREWORD 


This  research  was  supported  by  the  Advanced  Research  Projects 
Agency  of  the  Department  of  Defense  with  Dr.  Edward  C.  VanReuth  as  Project 
Monitor.  The  handbook  preparation  task  was  subcontracted  to  Battelle- 
Columbus  by  the  Cryogenics  Division,  National  Bureau  of  Standards  under 
Contract  No.  CST-8303  with  Dr.  Richard  P.  Reed  as  Program  Manager  and 
Dr.  Alan  F.  Clark  as  Contract  Monitor. 

The  research  described  in  this  report  was  carried  out  under 
ARPA  Order  No.  2569  and  Program  Code  4D10  by  the  Metals  and  Ceramics 
Information  Center  (MCIC)  with  K.  R.  Hanby  (614,  424-6424,  Extension  1784) 
as  the  Program  Coordinator,  and  E.  A.  Eldridge  (614,  424-6424,  Extension 
2572),  and  J.  K.  Thompson  (614,  424-6424,  Extension  2612)  as  Principal 
Investigators.  Contract  No.  CST-8303  includes  two  tasks.  Task  I of  the 
current  program  provides  for  a compilation  of  low-temperature  property 
data  on  an  expanded  series  of  selected  materials  for  structural  appli- 
cations in  superconducting  machinery.  These  data  compilations  will  be 
produced  as  the  First  Revision  of  the  "Handbook  on  Materials  for  Super- 
conducting Machinery".  Task  II  provides  for  determination  of  thermal 
expansion  and  specific  heat  values  at  cryogenic  temperatures  for  selected 
structural  alloys.  The  Semiannual  Technical  Report  on  the  latter  program 
is  presented  under  separate  cover.  O/erall  contract  funding  was  $100,000 
with  $50,000  for  the  handbook  program  and  $50,000  for  the  laboratory 
study.  The  effective  date  of  the  current  contract  was  September  10,  1974, 
and  the  contract  expiration  date  September  10,  1975. 


DISCLAIMER 

The  views  and  conclusions  contained  in  this  document  are 
those  of  the  authors  and  should  not  be  Interpreted  as  necessarily 
representing  the  official  policies,  either  expressed  or  implied,  of 
the  Advanced  Research  Projects  Agency  or  the  U.  S.  Government. 
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A rough  draft  of  the  First  Revision  of  "The  Handbook  on  Materials 
for  Superconducting  Machinery"  has  been  completed.  Copies  of  the  tables 
and  figures  incorporating  most  of  the  data  that  are  to  be  added  to  the  existing 
Handbook  have  been  submitted  to  Cryogenics  Division,  NBS,  for  their  comments. 
Most  of  the  layout  decisions  have  been  made,  and  the  modifications  required 
to  change  the  First  Edition  into  the  First  Revision  will  be  in  the  form  of 
about  74  replacement  sheets  and  112  insert  sheets,  for  a total  package  of 
approximately  186  sheets  of  paper.  The  count  is  approximate  because  the 
tv»'lng  of  the  Reference  section,  to  be  reorganized  and  augmented,  has  not 
been  completed  as  yet.  The  modifications  involved  in  preparation  of  the 
First  Revision  include  (1)  additions  of  data,  (2)  corrections  of  data,  (3) 
additions  of  r.ew  features  (e.g.,  index  table  and  revised  Reference  section), 
and  (4)  changes  required  by  format  conventions. 

The  published  version  of  the  First  Revision  will  be  prepared  and 
issued  by  Metals  and  Ceramics  Information  Center.  The  186  sheets  will  be 
punched  for  insertion  in  the  existing  Handbook,  and  accompanied  by  directions 
for  turning  the  First  Edition  into  the  First  Revision. 

The  First  Revision  is  best  described  by  Tables  3.1  and  3.2  attacked 
to  this  report;  these  were  prepared  for  the  First  Revision,  and  the  attached 
copies  show  exactly  how  they  will  appear  in  the  Handbook.  Note  that  the 
arrangements  of  materials  in  the  two  tables  are  slightly  different. 

Table  3.1  lists  all  the  materials  selected  for  inclusion  in  the 
First  Revision  (including  those  in  the  First  Edition),  and  they  are  listed 
in  the  order  in  which  they  appear  in  the  Handbook.  The  order  in  Table  3.1 
and  in  the  Handbook  is  not  always  what  might  appear  to  be  the  most  logical 
one  with  respect  to  the  alloy  specification  numbers.  The  AlSI-numbered 
stainless  steels  are  a good  case  in  point.  The  situation  with  the  steels 
occurred  because  Types  303,  310S,  and  347  were  selected  for  inclusion  in 
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the  First  Revision  after  tho  other  steels  In  that  series  already  had  been 
assigned  numbers  for  the  First  Edition. 

Table  3.2,  on  the  otherhand.  Is  arranged  by  the  material  specif 1 
cation  numbers  to  the  extent  possible.  This  table  provides  an  Index  to 
tables  and  figures  where  available  properties  data  are  given.  Unlike 
Table  3.1,  materials  for  which  no  data  were  found  are  not  listed  In  Table 
3.2.  This  Index  table,  a new  feature,  covers  all  materials,  forms,  and 
conditions  for  the  First  Revision. 

Features  of  the  First  Revision 


General 

• An  Index  table  1s  Included,  for  the  readers'  convenience. 

• Wherever  they  are  available.  Unified  Numbering  System 
(UNS)  designations  are  Included  along  with  compositions 
In  Table  3.1. 

• The  Reference  section  Is  separated  Into  two  separate 
sections,  one  containing  references  cited  In  the  data 
sections  and  the  other,  a bibliography  of  literature 
that  provides  additional  useful  li. formation  on  behavior 
of  materials  at  cryogenic  temperatures. 

• The  right-hand  pages  of  all  sheets  prepared  for  the 
First  Revision  contain  ready-reference  Indicators 
of  material  and  form  for  those  pages. 

Mechanical  Properties 

• A new  data  category  "Dynamic  Moduli"  has  been  added. 

Bulk  modulus  (B)  values.  Included  for  the  first  time 
In  this  Revision,  have  been  obtained  by  calculations 
from  dynamic  measurements  of  longitudinal  and  trans- 
verse compliances.  The  previous  format  did  not  lend 
Itself  to  Inclusion  of  B. 

• Shear  modulus  has  been  added  to  the  polymers  format. 


• J-integral  data  are  presented  in  lieu  of  valid  Kt 

Ic 

data  in  cases  where  the  latter  are  not  obtainable 
(because  of  plastic  zone  behavior) , and  J-integral 
data  are  available.  Only  those  values  based  on 
compact  specimens  are  reported. 


• Fatigue  crack-growth  rate  data  are  included.  In 
cases  where  compatible  data  are  available  from 
several  sources,  combination  is  accomplished  by  photo- 
graphic superposition. 


Thermal/Electrical  Properties 

• Revision  I incorporates  modification  of  some 
thermal-conductivity  versus  temperature  curves  from 
the  First  Edition.  Insofar  as  possible,  data  are 
fitted  to  a straight  line  in  the  low  temperature 
region  below  that  where  maximum  thermal  conductivity 
occurs. 

• Magnetothermal  conductivity  data  have  been  Incorporated 
as  available. 

Magnetic  Properties 

• Data  on  magnetic  moments  as  a function  of  magnetic 
field  strength  are  presented  for  the  first  time. 
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TABLE  3.1.  NOMINAL  COMPOSITIONS  OF  ALLOYS  AND  CORRESPONDINQ  SECTION  NUMBERS 


Saction 

4.0.0  Aluminum  and  Aluminum  Alloys 


4.1.0 

UnaHoyad 

Unifiad 

No. 

Composition  in  Waiglit  Parosnt^*) 

Ahiminum 

SysMm 

Si 

Cu 

Mn 

Md 

Cf 

Zn 

Othars 

4.1.1 

99.99AI 

A91199 

4.1.2 

EC 

A91145 

(99.45  min  Al) 

4.1.3 

1060 

AB1060 

0.26 

0.06 

0.05 

0.05 

0.05 

(90.50  min  Al),  0.40Fe 

4.1.4 

1100 

A91100 

1 .0(Si-l-Fe) 

0.050.20 

0.05 

0.10 

(99.00  min  Al) 

4.2.0 

2000S«rias 

4.2.1 

2014 

A92014 

0.5-1 .2 

3.9-6.0 

0.4-1. 2 

0.20.8 

0.10 

0.25 

0.7Fe,  0.1 6TI 

4.2.2 

2219 

A92219 

0.20 

5.8-6.S 

0.20.4 

0.02 

0.10 

05Fe,  0.020.10TI 

4.3.0 

SOOOSarias 

4.3.1 

5083 

A95063 

0.40 

0.10 

0.4-1 .0 

4.0-4.9 

0.050.25 

0.25 

OAFe,  0.1 6TI 

4.4.0 

eOOOSarias 

4.4.1 

6061 

A96061 

0.4-05 

0.150.40 

0.16 

05-1.2 

0.040.35 

0.25 

0.7Fe,  0.1 6TI 

4.5.0 

45.1 

4.5.2 

4.5.3 
5.0.0 


5.1.0 

6.1.1 

5.1.2 


5.1.3 

6.1.4 


6.2.0 

5.2.1 

6.2.2 


5.3.0 
53.1 

5.3.2 

5.3.3 

5.4.0 

5.4.1 
5A.2 


5.5.0 

5.5.1 

5.5.2 

5.5.3 


5.6.0 

5.6.1 


6.7.0 

6.7.1 


5.8.0 

55.1 

55.2 

55.3 


(a)  max 


7000Sarias 


7039 

7005 

A9703J 

A97005 

0.30  max 
0.35  max 

0.10  rriex 
0.10  max 

0.25 

0.2-0.7 

7006 

— 

0.10 

0.04 

0.22 

2.8 

0.20 

4.0 

0.4  rrwx  Fa,  0.10  rriax  Ti 

1.0-15 

0.06-0.20 

4 .2-5.0 

0.01-0.06TI,  0.06-0.20Zr, 
0.35  max  Fa 

2.24 

0.12 

4.10 

0.17Fe,0.01Ti 

Coppar  and  Coppar  Alloys 


SB.BfCu 
99.96CU 
Electrolytic 
Tough  Pitch 
OFHC 

Phosphorized 

Cu-Zn  Alloys 

80Cu-20Zn 

70Cu-30Zn 

Cu-NI  Alloys 
90CU-10NI 
80CU-20NI 
TOCu  30NI 

Cu-Ba  Alloys 
Cu-Be(1.6-15) 
Cu-8«(1. 8-2.0) 


Cu-Sn  Alloys 
95Cu-5Sn 
92Cu-8Sn 
90Cu-10Sn 

Cu-Zr  Alloy 
Cu-0.2Zr 
(Amzire) 

Cu-Cr-Cd  Alloy 
Cu-0.4Cr-0.4Cd 
IPD-135) 

Cu-AUO., 

Alloys 

Cu^0.2Al2O^ 
Cu-0.7Al20^ 
Cu-i’1.1Al203 
(Gild  Cop 
Alloys) 


Unifiad 

No. 

COA 

Compuaition  in  INaii^t  Pareant^** 

Svstam 

No. 

Cm 

Pb 

Fa 

Zn 

Othars 

C10103 

101 

00.96f 

0.0003  max  P,  0.001  max  Pb 

C11000 

110 

995+ 

C10200 

102 

99.95 

C12200 

122 

99.9+ 

0.02P 

C24000 

240 

80 

0.06  max 

055  max 

20 

C26000 

260 

70 

0.07  max 

0.06  max 

30 

C70600 

706 

Bal. 

0.06  max 

1.0 

1.0Mn,  9.0-11. ONI 

C71000 

710 

Bal. 

0.06  max 

1.0  max 

1.0  max 

15  max  Mn,  19.0-23.0NI 

C1500 

716 

Bal. 

056  max 

0.45.7 

1 .0  max 

1.0  max  Mn,  29.0-33.0NI 

C17000 

170 

Bal. 

1.6-1.8Be,  0.205.40CO 

Cl  7200 

172 

Sal. 

1 5-2.0Be,  0.20  min  Ni+Co 

(0.60  max  Ni+Co+Fe) 

C51800 

618 

Bal. 

0.02  max 

4.05.0Sn,  0.105.35P 

C52100 

621 

Bal. 

0.05  max 

0.10  max 

0.20  max 

7.05.0Sn,  0.035.35P 

C52400 

624 

Bal. 

0.06  max 

0.10  max 

0.20  max 

9.0-1 1.0Sn,  0.035.35P 

C15000 

160 

99.8 

0.105.20Zr 

_ 

_ 

Bal. 

0.4Cr,  0.4Cd  (Te  deox.) 

(AL-10) 

- 

Bal. 

O.2AI2O3  diiparilon 

(AL-35) 

— 

Bal. 

O.7AI2O3  dispersion 

(AL-60) 

— 

Bal. 

1.1Al20|^  dispersion 

• maximum,  min  - minimum. 
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6.0.0 

NIckal  and  Cobalt  AHoyt 
Unifiad 
No. 

Compoaition  in  INaltht 

Patcant*** 

6.1.0 

Ni-Cu  AMjy 

Syntm 

Nl 



Fa 

Mn  Si 

C 

Othars 

6.1.1 

K Monai 

N06E00 

Bal. 

1.0 

0.6  0.15 

0.15 

29.6CU,  2.RAI,  0.5Ti 

IK-600) 

6.2.0 

Ni-Cr-Fa  ANoyt 

6.2.1 

inconai  600 

N06600 

Sal. 

16.8 

7.2 

0.2  0.2 

0.04 

0.1  OCu 

6.2.2 

inconai  X-780 

N07760 

8ai. 

15.0 

6.75 

0.7 

0.04 

0.8AI,  2.5TI,  0£5Nb 

6.2.3 

Inconai  718 

N07718 

Bal. 

18.6 

18.5 

0.04 

0.4AI,  0.9TI,  5.0Nb, 

3.1MO 

6.3.0 

ControHad  Ex- 

-laraion  Alloys 

6.3.1 

invai  36 

- 

36 

Bal. 

6.3.2 

Ni-Sp  n C 

- 

42.1(NiaCo)  5.4 

48.4 

0.40 

2.4Ti,  0.65AI 

6.3.3 

Unnamad  Inco 

- 

39.6 

55.4 

0.22  0.12 

0.01 

0.22AI,  1.46TI, 

LEA  Alloy 

2.90Nb+Ta 

7.0.0 

Alloy  Staals 

Unifiad 

No. 

Compoaition  In  Waight  Pareant^** 

7.1.0 

Niekal  Staals 

Systam 

C max 

Mn  max 

P max 

S max 

Si 

Nl  Othars 

7.1.1 

9-Ni  Staal 

— 

0.13 

0.80 

0.036 

0.04  0.15-0.30 

8.5-9.5 

7.1.2 

18Ni(200) 

- 

0.03 

0.10 

0.01 

0.01 

0.10 

17-19  8.5Co,  3.25MO, 

Maraging 

0.20Ti,  0.10AI 

7.2.0 

Fa-SI  Staal 

7.2.1 

Tranjformar 

Staai 


8.0.0 

Stalnlass  Staals 

Unifiad 

No. 

Composition  In  Wai^t  Paroant^** 

8.1 .0 
8.1.1 

jou  99rm 

9/mm 

C 

Mn 

P max 

S 

51 

Cr 

Nl 

Mo 

Ottwrs 

AISI  301 

S30100 

0.15  max 

2.0  max 

0.046 

0.03  max 

16-18 

6-8  “ 

8.1.2 

AISI  304 

S30400 

0.06  max 

2.0  max 

0.045 

0.03  max 

1.0  max 

18-20 

8-10.5 

8.1.3 

AISI  304L 

S40503 

0.03  max 

2.0  max 

0.045 

0.03  max 

1 .0  rrwx 

18-20 

8-12 

8.1.4 

AISI  310 

S31000 

0.25  max 

2.0  max 

0M5 

0.03  max 

1.6  rrox 

24-26 

19-22 

8.1.5 

AISI  316 

S31600 

0.08  max 

2.0  max 

0XM5 

0.03  max 

1.0  max 

16-18 

10-14 

2. 0-3.0 

8.1 .6 

AISI  321 

S32100 

0.06  max 

2.0  max 

0.045 

0.03  max 

1.0  max 

17-19 

9-12 

(5xC)Ti  min 

8.1 .7 

AISI  303 

S30300 

0.15  max 

2.0  ntax 

0.20 

0.15  min 

1.0  max 

17-19 

8-10 

0.6  max 

(or  Zr) 

8.1.8 

AISI  310S 

S31008 

0.08  max 

2.0  max 

0.045 

0.03  max 

1.5  max 

24-26 

19-22 

8.1.9 

AISI  3A7 

S34700 

0.06  max 

2.0  nmx 

0.045 

0.03  max 

1.0  max 

17-19 

9-13 

(10xC)Nb+Ta 

8.2.0 

Othar  Stainiass  Staals 

8.2.1 

A-286 

K66286 

0.05 

1A 

0.4 

16 

26 

1.25 

0.2AI,  2.1  DTI, 

> 

n 

o 

CO 

CO 

s 

d 

8.2.2 

Kromsrc-58'"*  — 

0.03 

9.3 

0.006 

0.005 

0.05 

15.5 

23 

2.2 

0.02AI,0.008Zr, 

max 

0.0168,0.16V, 

8.2.3 

Armco  21-6-9 

- 

0.08  max 

8.0-10.0 

19.0-21.5 

5.5-7.5 

0.1 7N 

8.2.4 

Armco  22-13-5  — 

0.06  max 

4. 0-6.0 

1.0  max 

20.5-23.5 

11.6-13.5 

1. 5-3.0 

0.1 -0.3Mb,  0.1- 

0.3V,  0.2-0.4N 

la)  mjx  ■ maximum,  min  ■ minimum. 

lb)  Anaiytis  of  WettinghouM  piate  used  in  ovaiuation  program. 
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TABLE  3,1,  (ContliHMd) 


Saction 

9.0.0 


Titanium  and  Titanium  Alloys 
Unifiad 
No. 


9.1.0 

9.1.1 

Unallayed  Tl 

SytHm  Al  Sn 

TI-66A 

— 

9.1.2 

Ti-76A 

- 

9.2.0 

Alpha  Tl  Alloyt 

9.2.1 

TI-5AI-2.6Sn'<=' 

4.06.0  2.0-3. 

9.2.2 

Ti-6AI-2.6Sn 

(ELI)**^! 

4.7-6.6  2.0-3. 

9.3.0 

Alpha-Bata  Tl 
Allay 

9.3.1 

TI-6AI-4V 

(ELI)W> 

6.&6.6 

9.3.2 

Ti-6AI-4V<®> 

B.6-6.76 

10.0.0 

Spacial  Matals 
and  AHoyi 

10.1.0 

Nb  and  Nb  Alloyt 

10.1.1 

Nb 

_ 

10.1.2 

Nb3Sn 

- 

10.1.3 

Nb-Zr 

_ 

10.1.4 

Nb-Ti 

_ 

10.1. e 

Nb-Ti+Cu 

composites 

10.2.0 

V-Ga  Alloys 

10.2.1 

VgGa 

- 

12.0.0 

Poly  mart 

12.1.1 

PE 

Polyethylene 

12.1.2 

PCTFE 

Polychlorotrifluoroethylene 

12.1.3 

PTFE 

Polytetrafluoroethylene 

12.2.1 

PMM 

PolymethyInrMthacrylate 

12.3.1 

PS 

Polystyrene 

12.4.1 

PVA 

Polyvinylacetate 

Composition  In  Waliht  Parcant**^ 


0 


Fa  max 

G max 

C max 

N max 

H max 

0.20 

0.07 

0.015 

0.40 

0.20 

0.07 

0.0125 

0.50 

0.20 

0.15 

0.07 

0.020 

0.20 

0.12 

0.08 

0.05 

OX)  175 

0.15 

0.13 

0.08 

0.05 

0X115 

Mn  max 


0.30 


o 


3.6^.5 


O 


01 


max  “ maximum,  min  “ minimum. 
Normai  interttitiai  content. 

ELI  - extra  low  Interstitial  type. 
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TECHNICAL  REPORT  SUMMARY 


The  development  of  superconducting  electrlc&l  machinery  requires 
the  suitable  engineering  property  characterization  of  all  candidate  materials 
at  cryogenic  temperatures.  This  program  involves  the  determination  of 
thermal  expansion  and  specific  heat  for  several  structural  and  Insulation 
materials  in  the  cryogenic  temperature  region  (4.2  to  300  K) . 

Several  tsaterials  selected  for  this  study  were  supplied  through 
the  cooperation  of  Westinghouse  R&D.  These  materials  are  being  utilized 
for  superconducting  generator  development  work  at  Westinghouse.  In  addition, 
data  on  several  materials,  generated  at  BCL  but  funded  by  other  government 
agencies,  are  included  in  this  report  at  the  request  of  the  sponsoring 
agency.  The  primary  motive  for  this  action  is  to  Insure  inclusion  of  these 
materials  in  the  cryogenic  handbook.  The  materials  in  this  category  are 
appropriately  labeled  in  the  text  of  the  report.  The  contributing  agencies 
include  ERDA-BNL,  ERDA>0RNL,  and  NASA-LRC. 

Thermal  expansion  measurements  were  performed  utilizing  a fused 
silica  dilatometer  with  a linear  differential  transducer  as  the  dilatometer 
head.  The  accuracy  of  the  measurement  is  1 percent.  Specific  heat  at  low 
temperatures  is  measured  to  1 percent  by  adiabatic  calorimetry  from  a method 
developed  by  Nernst.  In  this  method,  small  Increments  of  heat  are  supplied 
to  a thermally  Insulated  sample,  and  the  accompanying  temperature  Increase 
is  measured. 

In  this  reporting  period,  thermal  expansion  characteristics  of 
23  materials  were  determined  in  the  temperature  range  5 to  300  K.  Low 
temperature  specific  heat  data  on  seven  materials  previously  measured  have 
been  reevaluated  and  analyzed.  In  addition,  the  specific  heats  of  six  new 
alloys  were  measured.  A reprint  from  the  ICMC  conference  entitled  "Magnetic 
and  Thermal  Properties  of  Stainless  Steel  and  Inconel  at  Cryogenic  Temperatur 
is  included  as  an  Appendix  to  this  report. 
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EXPERIMENTAL  RESULTS 


PART  I.  SPECIFIC  HEAT 


Specific  hcet  WAS  measured  In  the  manner  described  In  earlier 
reports  In  the  "helium- tenq)erature"  range  and  again  near  80  K and  room 
temperature.  Since  the  last  report,  considerable  time  and  effort  has 
been  spent  In  Improving  the  experimental  technique  and  checking  the 
calibration  of  the  low- temperature  equipment.  The  specific  heats  of 
seven  samples,  already  measured  during  previous  reporting  periods,  were 
remeasured  using  the  Improved  techniques  and  over  wider  temperature 
ranges  than  before.  The  seven  "old"  samples  for  which  entirely  new 
low- temperature  data  are  available  are: 


Inco  Low-Expansion  Alloy 
Stainless  Steel  AISI  310S  STQ 
Stainless  Steel  AISI  310S  STFC 
Inconel  X750(MP-1)ST 
Inconel  X750(MP-1)STDA 
Inconel  X750(MP-2)STDA 
Inconel  X750(MP-3)STDA 


New  techniques  of  data  analysis  were  also  employed,  and  the 
applicability  of  multiple  linear  regression  fitting  of  the  specific-heat 
data  was  fully  explored.  All  this  new  information  Is  set  forth  In  the 
following  tables,  figures,  and  narrative.  In  addition,  the  specific 
heats  of  six  new  alloys  were  measured  over  the  intermediate  temperature 
range  (80  K and  room  temperature).  These  materials  are: 


Inconel  X750  HIP 


Inconel  X750  HIP  STDA 


Inconel  X706  VIM-VAR  ST 


Inconel  X706  VIM-VAR  STDA 


Inconel  X706  VIM-EFM  ST 


Inconel  X706  VIM-EFM  STDA 
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In  addition,  five  of  theaa  alloys  have  been  measured  In  the 
low'temperaturs  (3  * 20  K)  regime. 

A reprint  of  the  paper  entitled  'Magnetic  and  Thermal  Properties 
of  Stainless  Steel  and  Inconel  at  Cryogenic  Temperatures"  Is  Included  In 
this  report  as  Appendix  A. 

Intermediate  Temperature  Specific  Heat  of 
Stainless  Steels  and  Inconela. 

Presented  In  earlier  reports  are  Intermediate  temperature 
specific  heat  data  for  the  alloys: 

Stainless  Steel  310S  STQ 
Stainless  Steel  310S  STFC 
Inconel  X750(MP-1)ST 
Inconel  X7S0(MF-1)STDA 
Inconel  X750 (MP«2) STDA 
Inconel  X750(MP-3)STDA 

The  data  for  temperatures  near  80  R are  presented  In  Table  1 
while  the  room- temperature  results  are  given  In  Table  2.  These  data  have 
subsequently  been  reanalyzed  In  order  to  yield  specific  heat  values 
adjusted  to  temperatures  of  80.0  K and  300.0  K,  repsectlvely,  and 
standard  error  assignments  have  been  made.  The  manner  In  which  the 
analyses  were  carried  out  Is  discussed  below. 

80  K Data 

Straight  lines  were  least-squares  fitted  to  each  of  the  three 
sets  of  data  points.  These  lines  were  then  numerically  extrapolated  (or 
Interpolated  as  the  case  may  be)  to  80.0  R and  the  corresponding  specific 
heat  values  computed.  The  scatter  of  the  specific  heat  values  about  the 
fitted  line  (temperatures  being  assumed  free  from  error)  was  used  to  deter- 
Bilne  standard  error.  The  results  of  this  procedure  are  presented  In 
Table  3. 
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TABLE  3.  SPECIFIC  HEATS  OF  STAINLESS  STEELS  AND  INCONELS  ADJUSTED 
BY  LINEAR  FITTING  TO  TEMPERATURES  OF  80.0  AND  300.0  K 


o 


o 


u 


Sample  Name 


Specific  Heat 
80.0  K 


(J/kg"deg) 
300.0  K 


Stainless  Steel  310S  STQ 

203 

± 

8 

485 

Stainless  Steel  310S  STFC 

203 

± 

3 

485 

Inconel  X750  (MP-1)  ST 

:82 

i 

1 

460 

Inconel  X750  (MP-1)  STDA 

183 

+ 

6 

447 

Inconel  X750  (MP-2)  STDA 

194 

+ 

2 

460 

Inconel  X750  (MP-3)  STDA 

180 

± 

1 

445 

0 
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Room~Teroperature  Pita 

Straight  lines  were  fitted  to  each  set  of  three  data  points  as 
before.  In  so  doing  It  was  found  that  the  slopes  of  the  lines  were  too 
widely  scattered  to  be  useful.  Accordingly,  an  "average  slope"  was 
determined  by  calling  on  the  Debye  function  at  temperatures  of  280  and 
300  K using  low**temperature “measured  values  of  By  putting  lines  of 

this  slope  through  the  experimental  points,  an  average  extrapolated  (or 
Interpolated)  300  K specific  heat  value  was  computed,  and  an  associated 
standard  error  derived.  The  reb'ults  of  this  procedure  are  also  summarized 
In  Table  3. 


Intermediate  Temperature  Specific  Heat 
of  Further  Inconel  Samples 

During  the  current  reporting  period  the  Intermedlate^temperature 
specific  heats  of  the  following  new  Westlnghouse “supplied  alloys  have  been 
measured. 

Inconel  X750  HIP 
Inconel  X750  HIP  STDA 
Inccnel  X706  VIM-VAR  ST 
Inconel  X706  VIK-VAR  STDA 
Inconel  X706  VIM-EFM  ST 
Inconel  X706  VIM-EFM  STDA 

The  results  of  this  work  are  presented  In  Tables  4 and  5. 
Reductions  of  these  data  to  specific  heats  at  temperatures  of  80.0  and 
300,0  K were  carried  out  as  before. 

80  K Data 


Straight  lines  were  least-squares  fitted  to  the  triplets  of 
data  points  for  each  alloy.  It  was  then  noted  that  there  were  no 
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significant  differences  between  the  slopes  of  these  lines.  Consequently, 
an  average  slope  was  taken  and  straight  lines  of  this  slope  were  numer~ 
ically  constructed  through  each  data  point  for  each  alloy.  This  operation 
yielded  a set  of  intercepts  with  standard  deviations.  The  Intercepts  and 
slopes  were  then  employed  to  compute  heats  at  exactly  80.0  K for  each  alloy 
and  the  standard  deviations  were  applied  to  this  value.  The  results  of  this 
procedure  are  presented  in  Table  6. 

Room-Temperature  Data 

The  room-temperature  cata  were  handled  in  exactly  the  manner 
described  above,  during  which  it  was  ascertained  that  the  average  C- 
versus“T  slope  was  zero  over  the  temperature  range  considered.  The  results 
of  the  fitting,  averaging,  extrapolation,  and  error  assessment  analysis  of 
the  room-temperature  data  are  also  presented  in  Table  6. 

Low -Temperature  Specific  Heat 

9f  Pyrt  Copper 

As  a check  on  the  accuracy  of  the  low-temperature  specific 
heat  measurement,  the  specific  heat  of  a sample  of  high-purity,  zone- 
refined  Cu  was  measured  and  compared  with  literature  data.  As  will  be 
demonstrated  below,  very  satisfactory  agreement  was  obtained. 

Survey  of  the  Literature 

Table  7 summarizes  the  results  of  the  more  recent  (since  1955) 
evaluations  of  the  specific  heat  of  copper.  All  the  authors  except  one 
fitted  their  data  to  the  linear  relationship 

C/T  - Y + PT^ 

where  Y is  the  electronic,  and  ^ is  the  lattice,  specific  heat  coefficient. 
The  low-temperature  Debye  temperature  is  calculated  from  the 

formula 

0JJ  - (1.9A4  X 1O^/0M)^^^  , 

where  M is  the  molar  weight,  and  3 is  expressed  in  J/kg-deg^  . 


Inconel  X750  HIP 

184.6  ± 3.1 

Inconel  X750  HIP  STDA 

182.1  ± 0.3 

Inconel  X706  VIM-VAR  ST 

199.6  ± 0.9 

Inconel  X706  VIM-VAR  STDA 

195.8  ± 0.6 

Inconel  X706  Vm-EPM  ST 

199.0  ± 0.4 

Inconel  X706  VIM-EPM  STDA 

194.9  ± 0.7 

449  ± 2 
443  ± 2 
465  ± 7 
475  ± 8 
472  ± 12 
456  ± 8 
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TABLE  7.  LOW-TEMPERATURE  SPECIFIC  HEAT  OF  PURE  COPPER- 
SURVEY  OF  THE  LITERATURE 


Temp.  Range 
(K) 

Type  of 
Fit 

Y 

2 

(mJ/mole-deg  ) 

0D 

(K) 

Reference 

1-5 

Linear 

0.688  ± 0.002 

343.8 

± 0.5 

1 

1.5-4. 2 

Linear 

0.686  ± 0.005 

345.1 

± 0.9 

2 

1. 8-4.2 

Linear 

0.691  ± 0.006 

347  ± 

2 

3 

0.37-4.2 

Linear 

0.69 

342 

4 

1. 1-4.5 

Linear 

0.697  ± 0.007 

345.1 

± 1.4 

5 

0.696  ± 0.007 

342.3 

± 1.4 

0.4-30 

Polynomial 

0.6910  ± 0.0007 

344.4 

± 0.4 

6 
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One  of  the  authorc,  Martin,  fitted  his  specific  heat  data  to 
the  polynomial 

n"6  2n+l 
C - S a T 
n-0  “ 

in  which  Y = ®q,  and  0 5 In  such  a polynominal  expansion,  0jj  is  still 
derived  from  0 (or  using  the  expression  given  above. 


A specimem  of  high“purity,  zonc'refined  copper  obtained  from 
Materials  Research  Corporation  was  measured  in  a calibration  check  of  the 
apparatus.  The  supplier's  analytical  report  for  this  material  is  re- 
produced in  Table  8. 

Specific  heat  was  measured  in  the  temperature  range  3 - 28  K. 
analyzing  the  data,  the  calorimeter  heater  resistance-temperature 
characteristic  was  remeasured  in  the  temperature  range  3 - 20  K,  and  the 
specific  heat  of  the  empty  calorimeter  was  redetermined,  yielding  a new 
so-called  "addenda"  corvection.  With  the  newly-acquired  information,  the 
high-purity  copper  data  was  analyzed  over  the  temperature  range  3 - 21  K, 

C - YT  + 0T^  + a^T^  + a^T^ 

Our  conclusions,  expressed  in  terms  of  the  principal  parameters 
Y and  0^  (from  0),  were  found  to  be  in  excellent  agreement  with  literature 
data,  as  testified  by  the  listing  in  Table  9 in  which  a comparison  is  made 
between  the  present  results  and  those  of  Martin,  et  al  (see  Table  7, 
footnote) . 

We  then  proceeded  to  apply  the  new  heater  and  addenda  calibrations 
to  the  previously-acquired  data  for  stainless  steels  and  Inconels.  The 
results  of  this,  and  those  of  the  subsequent  statistical  analysis,  are 
presented  in  the  next  section. 
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TABLE  8.  materials  RESEARCH  CORPORATION  (MRC)  ZONE-REFINED  COPPER- 
SUPPLIER'S  ANALYTICAL  REPORT 


Impurity 

Element 

Symbol 

Parts  per  10^ 
(ppm)  by 
weight 

Impurity 

Element 

Symbol 

Parts  per  10^ 
(ppm)  by 
weight 

Impurity 

Element 

Symbol 

Parts  per  10^ 
(ppm)  by 
weight 

0 

< 5.0 

SI 

< 2.0 

Zr 

< 

4.0 

H 

0.6 

S 

< 0.5 

Cb 

< 

10.0 

N 

< 1.0 

V 

< 0.2 

Mo 

< 

2.0 

C 

5.0 

Mn 

< 0.3 

Ru 

< 

2.0 

A1 

1.0 

Co 

< 0.3 

Rh 

< 

0.2 

Ca 

2.0 

Ni 

< 0.4 

Pd 

< 

1.0 

Cr 

2.0 

Ga 

< 2.0 

Ag 

< 

0.4 

Fe 

3.0 

Ge 

< 1.0 

Cd 

< 

1.0 

K 

2.0 

As 

< 0.3 

In 

< 

2.0 

Na 

4.0 

Br 

< 2.0 

Sn 

< 

0.6 

Pb 

1.0 

Rb 

< 0.2 

Sb 

< 

0.4 

Zn 

< 3.0 

Sr 

< 0.2 

Te 

< 

3.0 

Mg 

< 4.0 

Y 

< 0.4 

Ta 

< 

10.0 

Au 

< 

1.0 

D 


o 


D ; i: 


! 
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As  discussed  In  our  contribution  to  the  Kingston  Conference 

(preprint  attached),  the  low -temperature  specific  heats  of  stainless  steels 

and  Inconel s yielded  1/T-type  rather  than  linear  behavior  when  plotted  in 

2 

the  format  C/T  versus  T . This  effect  is  due  to  the  existence  of  a 
temperature-independent  specific  heat  component  of  magnetic  origin.  In 
treating  the  specific  heat  data  we  took  into  account  not  only  the  temperature, 

independent  term,  but  also  the  possible  existence  of  higher  order  odd-power 

terms  in  T.  In  particular,  we  examined,  in  turn,  fits  to  the  following 
equations 

C - A.+  vT  + 

C - A + yT  + , 

C - A + yT  + , 

over  the  temperature  range  ^3  - 20  K. 

When  fitting  data  to  a polynomial,  although  the  addition  of  more 
and  more  terms  may  significantly  improve  the  goodness  of  fit,  because  of 
competition  between  the  terms,  the  physical  significance  of  the  individual 
coefficients  tend  to  become  obscured.  For  example,  four-term  (to  T^)  and 
five-term  (to  T^)  fits  to  the  data  for  stainless  steel  310S  yielded  negative 
values  of  B,  and  consequently,  0jj.  Such  results  are  physically  meaning- 
less and  must  be  regarded  with  extreme  caution.  Since  reasonably  good 
fits  to  the  simple  three-term  expression  could  b«  obtained  in  all  cases, 
once  outlying  points  had  been  rejected,  we  applied  the  three-term  fitting 
procedure  to  all  of  the  alloys. 

The  results  of  multiple  linear  regression  analysis  of  the 
specific  heat  data  for  two  stainless  steels  and  four  Inconel  samples,  in  the 
form  of  a set  of  A,  Y,  B coefficient  and  the  parameter  9^,  are  presented  in 
Table  10.  In  each  case  some  70  or  80  data  points  were  fitted  to  the  equation 

C - A + YT  + BT^ 
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Normally,  a 1/C  weighting  factor  should  be  applied  in  order  to  give 
proper  consideration  to  the  small ~C  (low-temperature)  points.  But 
since  the  point  density,  itself,  went  roughly  as  1/C,  a point-weighting 
factor  of  1/C  was  employed. 

Using  the  coefficients  listed  in  Table  10,  it  is  then  possible 
to  calculate  specific  heats  corresponding  to  any  temperature  within  the 
temperature  range  3 - 20  K.  This  has  been  done  with  regard  to  the 
temperatures  4,  5,  10,  15,  and  20  K,  and  the  results  are  given  in 
Table  11. 


Lgy“Tepp«rature  Specific  Heats  of 
l^Set  of  Five  Inconel  Alloys 


During  the  current  reporting  period  the  low-temperature 
specific  heats  of  five  new  alloys  were  measured.  As  before,  these  alloys 
were  obtained  through  the  courtesy  of  Dr.  J.  M.  Wells  of  the  Westinghouse 
Electric  Corporation.  Typically,  about  100  sets  of  data  were  taken  within 
a temperature  range  of  1.5  - 27  K.  Curve  fitting  to  the  formula 

C - A + YT  + 0T^ 


using  a 1/C  weighting  factor,  and  restricting  the  upper  temperature  of 
analysis  to  21  K was  carried  out  as  before.  The  sets  of  coefficients 
so  obtained  are  listed  as  Table  12.  Debye  temperature  have  not  yet  been 
computed,  since  we  are  not  as  yet  in  possession  of  chemical  analyses 
from  which  to  calculate  the  molar  weights.  Finally,  we  list  in  Table  13, 
a set  of  fitted  specific  heat  values  for  the  temperatures  4,  5,  10,  15, 
and  20  K. 
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PART  II.  THERMAL  EXPANSION 


Introduction 

Low- temperature  thermal  expansion  results  are  reported  for 
23  materials  In  the  temperature  range  S to  300  K.  The  technique  used  to 
perform  the  measurements  was  a fused  silica  dllatometer  which  has  been 
previously  described. 

In  addition  to  the  nlue  materials  furnished  by  Westlnghouse  for 
this  study,  VC  have  Included  alloy  materials  furnished  by  ERM-ORNL  and 
NASA-LRC,  as  well  as  polymeric  film  wraps,  for  electrical  and  thermal 
Insulation,  furnished  by  ERDA-BNL.  The  latter  was  the  subject  of  an  ICMC 
presentation  during  the  summer  of  1975. 

Table  14  lists  the  materials  In  their  order  of  appearance  In  this 
report  as  well  as  the  condition  under  which  they  were  measured. 

Data  Presentation 


The  results  reported  In  this  work  are  shown  as  percent  contraction 
versus  temperature  (K)  with  all  data  normalized  at  the  Ice  point  (273  K) . 

The  data  are  reported  In  tabular  (Tables  15  throu  i 31)  and  graphic 
(Figures  1 through  23)  form. 
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Program  1 

• 

Material 

Condition 

Source  | 

Inconel  706 

VIM- VAR- ST 

NBS/ARPA  1 

Inconel  706 

VIM-VAR-STDA 

NBS/ARPA  3 

Inconel  706 

VIM-EFM-STDA 

NBS/ARPA  1 

0 

Inconel  706 

VIM- EFM- ST 

. 

NBS/ARPA 

Inconel  X750 

HIP-STDA 

NBS/ARPA 

Inconel  X750 

As  Hipped 

NBS/ARPA 

PD- 135 

(Cd-Cr-Cu)  Alloy 

NBS/ARPA  j 

• 

Inconel  718 

VIM- VAR- ST 

NBS/ARPA  ; 

Inconel  718 

VIM-VAR-STDA 

NBS/ARPA 

Nb-45T1 

Annealed 

ERDA/ORNL  ' 

Nb-48T1 

Annealed 

ERDA/ORNL 

w 

MCA  233-1 

Multlfllament  HbTl  In  Cu 
ratio  Cu/NbTl  - 4 

ERDA/ORNL 

Incoloy  903 

Annealed 

NASA/LRC 

Mskrofol  KG  Polycarbonate 

2.4  mil  film 

ERDA/BNL  | 

t 

Mylar  WC  Polyester 

3.0  mil  film 

ERDA/BNL 

Valeron  Polyethylene 

4.0  mil  oriented  hlgh- 
denslty  film 

ERDA/BNL 

LD  #400  Polyethylene 

4.0  mil  low-density  film 

ERDA/BNL 

HDPE  Polyethylene 

0.75  mil  hlgh-denslty  film 

ERDA/BNL  j 

Cryovac  Polyethylene 

1.5  mil  oriented  hlgh- 
denslty  film 

ERDA/BNL  J 

Rllsan  F Polyamide 

1.5  mil  film 

ERDA/BNL  | 

Kapton  H Polylmlde 

5.0  mil  film 

ERDA/BNL  | 

Blcor  400- S Polypropylene 

1.25  mil  oriented  film 

ERDA/BNL  j 

Rowland  Polysulfone 

5.0  mil  film 

ERDA/BNL  j 

1 

ST  - Solution  Treated 

A 

i 

\ 

STDi^  - Solution  Treated,  Double  Aged 
VIM  - Vacuum  Induction  Melted 
VAR  - Vacuum  Air  Remelted 
HIP  - Hot  Isotatlc  Pressing 
EFM  - Electric  Furnace  Melted 
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TABLE  16.  THERMAL 

” . 48- 

expansion  BEHAVIOR  OP 

INCONEL 

• 

T(K) 

As  HIPPED 
percenc 

HIP/STDA 

-AL/Lg, 

perceaC 

300 

-0.033 

-0.034 

290 

-0.020 

-0.023 

• 

280 

-0.008 

-0.009 

w 

273 

0 

0 

270 

0.003 

0.0  J4 

260 

0.016 

0.016 

0 

250 

0.026 

0.029 

240 

0.038 

0.040 

230 

0.051 

0.052 

220 

0.062 

0.065 

• 

210 

0.071 

0.076 

200 

0.081 

0.087 

190 

0.092 

0.098 

180 

0.103 

0.110 

• 

170 

0.113 

0.122 

160 

0.123 

0.133 

150 

0.133 

0.143 

140 

0.143 

0.153 

t 

130 

0.153 

0.162 

120 

0.163 

0.171 

110 

0.171 

0.179 

100 

0.177 

0.186 

t 

90 

0.182 

0.193 

80 

0.187 

0.198 

77 

0.187 

0.198 

67 

0.189 

0.204 

» 

58 

0.192 

0.209 

49 

0.198 

0.212 

40 

0.201 

0.216 

30 

0.203 

0.219 

p 

20 

0.204 

— 

12 

— 

0.221 

10 

0.206 

— 

) 

V 

8 

— 

0.222 

5 

0.207 

M M M 
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TABLE  17. 
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THERMAL  EXPANSION  BEHAVIOR  OF  PD- 13 5 
(Cd-Cr-Cu)  ALLOY.  MATERIAL  EXTRUDED 
AND  PRECIPITATION  HIIAT  TREATED 


-AL/Lo 

00  (percent)  q 


30u 

-0.043 

290 

-0.024 

280 

-0.011 

273 

0 

270 

0.005 

260 

0.021 

250 

0.036 

240 

0.052 

230 

0.067 

220 

0.083 

210 

0.098 

200 

0.113 

190 

0.127 

180 

0.142 

170 

0.157 

160 

0.172 

150 

0.186 

140 

0.200 

130 

0.213 

120 

0.226 

110 

0.238 

100 

0.249 

90 

0.261 

80 

0.270 

c> 

• 

TABLE  18. 
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THERMAL  EXPANSION 

. 50< 

BEHAVIOR  OF  INCONEL  718 

T(K) 

VIM-VAR-ST 
- AL/Lqj 
ptrccat 

VIM-VAR-STDA 

-AL/Lo, 

pcrccnc 

0 

300 

-0.039 

-0.027 

290 

-0.025 

-0.018  ’ 

280 

-0.011 

-0.008 

273 

0 

0 

0 

270 

0.005 

0.004 

260 

0.022 

0.016 

250 

0.033 

0.027 

240 

0.042 

0.040 

u 

230 

0.053 

0.052 

220 

0.066 

0.064 

210 

0.090 

0.076 

200 

0.098 

0.087 

t 

190 

0.105 

0.098 

180 

0.114 

0.109 

170 

0.123 

0.120 

i % 

160 

0.132 

0.131 

150 

0.142 

0.141 

140 

0.153 

0.151 

130 

0.163 

0.161 

> » 

120 

0.173 

0.170 

110 

0.181 

0.178 

100 

0,190 

0.186 

90 

0.197 

0.192 

» 

80 

0.204 

0.196 

1 

77 

0.206 

0.196 

1 

r 

68 

0.211 

0.204 

60 

0.215 

0.209 

1 

50 

0.221 

0.212 

f 

40 

0.226 

0.218 

i 

30 

0.230 

0.220 

1 

20 

0.233 

0.221  ! 

• } 

10 

- — 

0.222 

\ 

8 

0.237 

5^< 

TABLE  20.  THERMAL  EXPANSION  BEHAVIOR  OF 

MULTIFILAMENT  NbTl  IN  Cu  (MCA  4:1) 
Cu  TO  NbTl  RATIO  - 4 


o 


0 


a 


) 


T(K) 

MCA  4:1 
233-1 
-AL/Lq, 
percent 

300 

-0.040 

290 

-0.025 

280 

-0.010 

273 

0 

260 

0.018 

250 

0.031 

240 

0.043 

230 

0.054 

220 

0.067 

210 

0.080 

200 

0.093 

190 

0.103 

180 

0.114 

170 

0.126 

160 

0.138 

150 

0.148 

140 

0.157 

130 

0.167 

120 

0.176 

110 

0.184 

100 

0.192 

90 

0.199 

80 

0.206 

77 

0.210 

70 

0.212 

60 

0.218 

50 

0.220 

40 

0.223 

30 

0.225 

20 

0.226 

10 

0.227 

4 

0.231 
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TAPLE  24.  THERMAL  EXPANSION  BEHAVIOR  OF  VALERON  LAM- 
INATED POLYETHYLENE  IN  THE  LONGITUDINAL 
AND  TRANSVERSE  DIRECTION 


w 

Lons  1 Cud  liuil 

Transverse 

T(K) 

-AL/Lo, 

p«rc«aC 

T(K) 

-AL/Lq, 

percent 

0 

300 

-0.269 

300 

-0.174 

290 

-0.164 

290 

-0.118 

280 

-0.068 

280 

-0.050 

273 

0 

273 

0 

0 

260 

0.117 

260 

0.089 

250 

0.202 

250 

0.149 

240 

0.286 

240 

0.214 

230 

0.366 

230 

0.260 

# 

220 

0.447 

220 

0.323 

210 

0.528 

210 

0.385 

200 

0.622 

200 

0.444 

190 

0.700 

190 

0.503 

t 

180 

0.770 

180 

0.564 

170 

0.836 

170 

0.620 

160 

0.907 

160 

0.674 

A 

150 

0.979 

150 

0.724 

w 

140 

1.035 

140 

0.770 

130 

1.088 

130 

0.796 

120 

1.137 

120 

0.836 

^ t 

110 

1.184 

110 

0.871 

F ^ 

100 

1.227 

100 

0.901 

90 

1.292 

90 

0.926 

80 

1.305 

80 

0.941 

77 

1.315 

70 

0.971 

70 

1.334 

60 

0.988 

[ 

60 

1.357 

50 

1.012 

50 

1.383 

40 

1.017 

40 

1.401 

30 

1.036 

1 

30 

1.418 

20 

1.045 

1 

20 

1.428 

10 

1.049 

1 

10 

1.431 

5 

1.051 

1 V.) 
> 

5 

1.437 

A 


37 


TABLE  26. 


THERMAL  EXPANSION  b'EHAVIOR'OF  HDPE  HIGH 
DENSITY  POLYETHYLENE  IN  THE  LONGITUDINAL 
AND  TRANSVERSE  DIRECTION 


Longltudltuil 


1.965 


Tr*n«v«rst 


T(K) 

-AL/Lq^ 

percent 

T(K) 

-AL/Lq, 

percent 

300 

-0.630 

SOO 

-0.540 

290 

-0.313 

273 

0 

280 

-0.142 

250 

0.460 

273 

0 

200 

1.063 

260 

0.248 

150 

1.557 

250 

100 

1.855 

240 

0.537 

50 

1.965 

230 

0.663 

20 

1.970 

220 

0.785 

10 

1.977 

210 

0.907 

5 

1.979 

200 

1.029 

190 

1.142 

180 

1.251 

170 

1.349 

160 

1.443 

150 

1.524 

140 

1.594 

130 

1.655 

120 

1.708 

110 

1.771 

100 

1.834 

90 

1.857 

80 

1.881 

70 

1.395 

60 

1.920 

50 

1.930 

40 

1.943 

30 

1.952 

20 

1.958 

10 

1.963 
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TABLE  27.  THERMAL  EXPANSION  BEHAVIOR  OF  CRYOVAC  ORI- 
ENTED POLYETHYLENE  IN  THE  LONGITUDINAL  AND 
TRANSVERSE  DIRECTION 


Longitudinal Transverse 


T(K) 

•AL/Lq, 

percent 

T(K) 

-AL/Lq, 

percent 

300 

-0.286 

300 

-0.165 

290 

-0.170 

290 

-0.170 

280 

-0.070 

280 

-0.044 

273 

0 

273 

0 

260 

0.131 

260 

0.081 

250 

0.229 

250 

0.144 

240 

0.328 

240 

0.206 

230 

0.429 

230 

0.269 

220 

0.530 

220 

0.332 

210 

0.628 

210 

0.394 

200 

0.712 

200 

0.457 

190 

0.786 

190 

0.515 

180 

0.860 

180 

0.574 

170 

0.929 

170 

0.631 

160 

0.998 

160 

0.685 

150 

1.060 

150 

0.735 

140 

1.110 

140 

0.779 

130 

1.160 

130 

0.823 

120 

1.210 

120 

0.861 

110 

1.251 

110 

0.895 

100 

1.286 

100 

0.925 

90 

1.339 

90 

0.950 

80 

1.361 

80 

0.972 

70 

1.389 

70 

0.986 

60 

1.411 

60 

0.990 

50 

1.429 

50 

0.996 

40 

1.446 

40 

1.001 

30 

1.456 

30 

1.005 

20 

1.464 

20 

1.007 

10 

1.470 

10 

1.008 

O 


o 


o 


o 


o 


o 


o 


o 


j 


J 
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TABLE  29.  THERMAL  EXPANSION  BEHAVIOR  OF  KAPTON 
H POLYMIDE  IN  THE  LONGITUDINAL  AND 
TRANSVERSE  DIRECTION 


Longitudinal Transverse 


T(K) 

-AL/Lo, 

percent 

T(K) 

-AL/Lq, 

percent 

300 

-0.053 

300 

-0.049 

290 

-0.035 

273 

0 

280 

-0.012 

250 

0.041 

273 

0 

200 

0.129 

260 

0.029 

150 

0.238 

250 

0.043 

100 

0.328 

240 

0.055 

50 

0.386 

230 

0.073 

25 

0.403 

220 

0.092 

10 

0.408 

210 

0.116 

5 

0.409 

200 

0.138 

190 

0.161 

180 

0.185 

170 

0.210 

160 

0.232 

150 

0.250 

140 

0.269 

130 

0.288 

120 

0.316 

110 

0.327 

100 

0.346 

90 

0.365 

80 

0.373 

70 

0.386 

60 

0.397 

50 

0.403 

40 

0.413 

30 

0.419 

20 

0.425 

10 

0.429 

5 

0.431 

1 . ^ 
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TABLE  30.  THERMAL  EXPANSION  BEHAVIOR  OF  BICOR  400-S 
ORIENTED  POLYPROPYLENE  IN  THE  LONGITUDINAL 
AND  TRANSVERSE  DIRECTION 


Longitudinal 


Transverse 


T(K> 

-4L/L^, 

P'trcent 

T(K) 

-4L/Lo, 

percent 

300 

-0.261 

300 

-0.067 

290 

-0.145 

290 

*0.035 

280 

-0.060 

280 

-0.014 

273 

0 

273 

0 

260 

0.111 

260 

0.023 

250 

0.196 

250 

0.034 

240 

0.281 

240 

0.045 

230 

0.366 

230 

0.055 

220 

0.451 

220 

0.064 

210 

0.536 

210 

0.072 

200 

0.614 

200 

0.081 

190 

0.687 

190 

0.090 

180 

0.757 

180 

0.099 

170 

0.823 

170 

0.107 

160 

0.886 

160 

0.115 

150 

0.948 

150 

0.123 

140 

1.011 

140 

0.130 

130 

1.069 

130 

0.137 

120 

1.133 

120 

0.144 

110 

1.194 

110 

0,150 

100 

1.247 

100 

0.157 

90 

1.303 

90 

0.164 

80 

1.351 

80 

0.168 

70 

1.389 

70 

0.172 

60 

1.406 

60 

0.176 

50 

1.441 

50 

0.179 

40 

1.455 

40 

0.187. 

30 

1.472 

30 

0.185 

20 

1.485 

20 

0.187 

10 

1.492 

10 

0.187 

5 

1.495 

5 

0.188 

I 
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TABLE  31.  THERMAL  EXPANSION  BEHAVIOR  OF  ROWLAND  POLY- 
SULFONE  IN  THE  LONGITUDINAL  AND  TRANSVERSE 
DIRECTION 


Longitudinal  Transverse 


T(K) 

-AL/Lq, 

percent 

T(K) 

-AL/Lq, 

percent 

300 

-0.143 

300 

-0.131 

290 

-0.090 

273 

0 

280 

-0.037 

250 

0.111 

273 

0 

200 

0.352 

260 

0.069 

150 

0.587 

250 

0.122 

100 

0.789 

240 

0.175 

50 

0.904 

230 

0.228 

25 

0.931 

220 

0.281 

10 

0.937 

210 

0.335 

5 

0.939 

200 

0.387 

190 

0.437 

180 

0.486 

170 

0.536 

160 

0.584 

150 

0.627 

140 

0.670 

130 

0.713 

120 

0.756 

110 

0.799 

100 

0.837 

90 

0.872 

80 

0.907 

70 

0.938 

60 

0.960 

50 

0.977 

40 

0.993 

30 

1.005 

20 

1.010 

10 

1.015 

5 

1.017 

FIGURE  7.  THERMAL  EXPANSION  BEHAVIOR  OF 
PD- 135  (Cd-Cr-Cu  ALLOY) 


FIGURL  17.  THERMAL  EXPANSION  BEHAVIOR  OF  LD-400 
POLYETHYLENE,  LOW  DENSITY 


RILSAN  F 
Polyamide,  Nylon  II 
* Longitudinal 
o Transverse 


00  0 . .9 


-2.0 


100 


200 


300 


T(K) 


FIGURE  20.  THERMAL  EXPANSION  BEHAVIOR  OF 
RILSAN  F POLYAMIDE,  NYLON  11 


FIGURE  22.  THERMAL  CONTRACTION  BEHAVIOR  OF 

BICOR  400-S  POLYPROPYLENE,  ORIENTED 
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SUMMARY 


Adhesive  joints  between  S-glass  fiber  reinforced  epoxy 
composite  and  6061T-6  aluminum  have  been  evaluated  at  room 
temperature  and  at  4°K.  Tne  main  variables  were  the  method 
of  cleaning  the  aluminum,  the  type  of  primer  (if  any)  used, 
and  the  processing  of  the  metal/composite/metal  sandwich 
plaques.  The  composite  was  cured  in  contact  with  the  alum- 
inum so  that  the  matrix  resin  served  as  the  adhesive.  About 
300  specimens  representing  15  different  treatments  were  tested 
using  the  lap  shear  and  short  beam  shear  methods.  The  results 
indicate  that  the  bond  strength  improves  at  the  lower  tempera- 
ture, and  that  the  mode  of  failure  is  different  for  these  two 
tests.  The  effect  of  the  surface  treatment  is  more  pronounced 
at  room  temperature.  A tentative  assignment  of  the  best  treat- 
ments is  offered. 
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I.  INTRODUCTION 


This  semi-annual  report  describes  the  results  and 
conclusions  obtained  from  our  continuing  study  of  adhesive 
joints  at  cryogenic  temperatures.  Our  previous  work  and 
that  of  others  have  shown  glass  fiber  reinforced  polymer 
(FRP)  composites  have  attractive  properties  for  cryogenic 
structural  applications.  Typically,  cryogenic  structures 
will  require  that  composites  be  used  in  conjunction  with 
metals.  Thus,  satisfactory,  reliable  joints  are  needed 
which  must  not  only  be  able  to  carry  high  stress,  but  which 
often- must  be  vacuum  or  hermetically  tight  as  well.  Adhesive 
bonds  would  be  the  simplest  way  to  achieve  such  joints.  How- 
ever , such  bonds  are  known  to  be  sensitive  to  surface  prepara- 
tion and  environmental  conditions.  This  study  has  focused  on 
selecting  a representative  composite  and  metal  adherend  system. 
The  surface  preparation  and  processing  conditions  were  varied, 
and  the  effect  on  the  bond  strength  was  determined.  The 
strength  and  reliability  of  the  bond  were  evaluated  using  the 
short  beam  shear  and  lap  shear  methods  at  room  temperature  and 
at  4°K.  The  FRP  composite  selected  was  S-glass  fiber  in  conjunc- 
tion with  the  "Polaris"  formulation  of  epoxy  resin.  The  metal 
chosen  was  6061T-6  aluminum.  The  method  of  preparation  was  to 
cure  the  FR^  between  surface-prepared  plates  of  the  alloy.  This 
approach  was  selected  as  being  the  most  convenient  way  to  incor- 
porate (1)  the  use  of  known  standard  materials,  (2)  the  applica- 
tion of  controlled,  documented,  and  reproducible  surface 
treatments,  (3)  the  assessment  of  t'le  potential  level  and 
uniformity  of  bond  strengths  that  are  practically  attainable, 


and  (4)  the  evaluation  of  the  effectiveness  of  the  various 
surface  treatments.  The  details  of  the  methods  of  preparation 
along  with  some  preliminary  results  can  be  found  in  our  previous 
report. 


II.  SPECIMEN  PREPARATION 

Fifteen  plaques  consisting  of  FRP  sandwiched  between  the 
surface-prepared  aluminum  sheets  were  fabricated,  each  under 
a different  set  of  conditions.  The  variations  in  the  fabrica- 
tion parameters  are  summarized  in  Table  I.  As  may  be  noted  in 
some  cases,  the  surface  treatments  were  held  constant,  but  the 
lamination/curing  procedure  was  altered.  Among  the  variables 
explored  was  the  application  of  an  intermediate  coating  of  the 
matrix  resin  in  which  some  primer  had  been  added.  This  was 
applied  to  the  primed  metal  prior  to  bonding.  The  purpose  of 
this  was  to  explore  how  a graded  system  would  affect  the  strength 
or  uniformity  of  the  adhesive. 

These  plaques  were  cut  up  to  provide  ca.  300  test  coupons 
for  the  mechanical  evaluation  tests.  Thus,  each  plaque  provided 
ca.  20  nominally  identical  materials  of  which  half  were  subjected 
to  testing  at  room  temperature,  and  the  other  half  at  4‘’k. 
Similarly,  each  lot  was  divided  to  provide  lap  shear  and  short 
beam  shear  specimens. 


III.  MECHANICAL  PROPERTIES 


As  discussed  in  the  previous  semi-annual  technical  report, 
the  short  beam  shear  test  and  single  lap  shear  test  were  chosen 
to  evaluate  the  effect  of  aluminum  surface  treatment  on  the 
interface  between  the  metal  and  composite .,^_/vThe  advantages  and 


-3- 


Ti 


a)  £ -H 

c 

Oj  U)  u 

(0  (0  (0 

0) 

a S 

• 

(1) 

c 

u 

(1) 

Vi 

0 

>1  (1)  -H 

U) 

u 

•H 

Vi  -U  Vi 

c 

T3 

o 

4-' 

(1)  n3  3 

■H 

a) 

O 

(13 

E x:  (M 

Vi 

Vi 

VD 

Vi 

a 

3 • 

(0 

0)  3 

Vi 

u 

c 

a 

r-l  0 w 

(U 

c u 

•H 

(1) 

x:  \ 

4J 

3 X 

V4 

a u 

((3 

c 

(V 

X H 

• 

s 

x:  c 

•H 

-V)  E E 

c 

4J  -H 

B 

(1) 

•H  3 0 

•H  T)  T3 

-H 

u 

S -H  Vi 

c 

Q) 

<D 

? C 

o 

(^ 

Ti  x: 

i-H 

•H 

0 

!<7> 

rn 

IVI 

T3  0 U 

in 

Vi  -a  -H 

41: 

V4 

(1)  W 

f— 1 

•H 

<D 

1 

3 

Tl  1 U 

4J 

-u  d 

(n 

U3 

C -Ho 

Vi 

cn 

u 

nj  H 

d 

H3  V O 

0 

*H 

•H 

0 0 

a 

U3  E-i  '0 

IVI 

Q 

f-: 

u w 

Q> 

a 

U 

• • • 

• 

• 

• 

<0 

X 

iH  (N  ro 

in 

VD 

ico 

U’ 

T) 

? 

Vi 

CO 

CJ 

<U 

0 

• 

• 

0) 

• 

CO 

0 

>1 

c 

a. 

T3 

o 

Tl 

O 

c 

c 

03 

0) 

0 

in 

c 

OJ 

•H 

E 

C 

H 

Cr 

0)0 

• 

C 

O 

•H 

•H 

03 

Vi 

Hi 

1^. 

<u 

E 

<u 

1 

03 

rH 

in 

(j 

3 

in 

E 

rH 

a 

x: 

> 

T) 

E-i 

x: 

o 

Vi 

x> 

o 

u 

03 

• 

O' 

0 

<U 

o 

o 

a.  E 

in 

C 

x. 

o 

in 

Cr>  E 

Vi 

<D 

c 

c 

<D 

10 

(N 

in 

<u 

03 

Hi 

CN 

*H 

U 

in 

rH 

• 

0) 

0) 

0) 

CO 

03 

0 

Vi 

c 

•H 

• 

•>» 

Vi 

CO 

03 

rH 

E 

O 

c 

Vi 

CO 

E 

Hi 

•H 

Cu 

<T3 

Vi 

Vi 

Vi 

rH 

a 

CO 

O 

rH 

T3 

0) 

a 

CO 

03 

03 

c 

4J 

a> 

tr 

Vi 

0 

• 

x: 

x: 

03 

c 

0 

o 

in 

0) 

> 

0) 

03 

03 

u 

in 

<D 

d 

u 

4-1 

Cm 

Hi 

rH 

03 

Hi 

rH 

rH 

Hi 

CO 

0 

u 

u 

0) 

> 

Vi 

cu 

<T3 

a 

0 

rH 

03 

13 

> 

03 

CO 

a 

0) 

o 

V4 

0 

d 

XI 

E 

Cx 

O 

o 

Hi 

0 

N Vi 

Hi 

03 

E 

Hi 

c 

u 

u 

d 

<u 

0 

(N 

Vi 

Vi 

10 

rH 

03 

rH 

0 

03 

CO 

3 

rH 

03 

*H 

d 

0 

CO 

u 

0) 

£ 

o 

rsi 

0 

• 

0 

Vi 

\ 

c 

E 

4h 

Vi 

0) 

3 

r) 

c 

CO 

44 

CO 

Vi 

o 

O 

00 

VM 

u 

l$H 

• 

x: 

00 

•H 

3 

o 

Ui 

x: 

T3 

U 

o 

•H 

03 

CO 

0) 

03 

frt 

r^ 

3 

T) 

r-l 

0 

0 

Vi 

CN 

E 

3 

rH 

u 

10 

• 

03 

rH 

E 

0) 

0) 

H 

0) 

\ 

U 

<u 

XJ 

Cx 

in 

u x: 

VD 

00 

03 

U 

COO 

0) 

Vi 

VD 

CO 

> \ 

03 

C3 

Vi 

a 

C 

00 

(T3 

•H 

4J 

O 

(NO 

rH 

rH 

03 

in 

• 

Vi 

x: 

rH 

0) 

CD 

03 

a 

0) 

XI 

<N 

> 

OJ 

•O 

O 

rH 

in 

rH 

4-« 

> T3 

CN 

E 

a 

X) 

c 

CN 

JZ 

d 

00 

a 

<1)  <s 

(N 

T) 

0 

03 

rH 

3 

rH 

(O 

03 

•H 

CD 

a 

0) 

CO 

C 

c 

a 

• (Q 

to 

fM 

0 

rH 

u 

0) 

C 

CO 

3 

C 

03 

rH 

• 

rr\ 

• m 

V4 

•H 

w 

•H 

03  Ct<  iH 

•M 

X) 

0 

Vi 

CO 

a 

•H 

■H 

Hi 

o 

•H 

Vi 

Vi 

au 

CO 

a 

03 

u 

C <3  Vi 

JZ 

£ 

Vi 

0 

<U 

OJ 

4J 

-U 

44 

3 

u 

3 

03 

«3 

03 

0 

3 

0 

Vi 

3 

HiO 

!3  0 

3 

<TJ 

<13 

T3 

• E o x: 

Vi 

03  T3 

03 

U 

13 

n3 

Vi 

> 

(O 

44 

O 

T3 

in 

QJ 

03 

in 

CO 

c 

> rt 

VD 

>1 

<U  Cx  3 00 

0 

u 

>1'0 

03 

-rt 

03 

* 

03 

CN 

>1(0 

n 

CN 

CLTi  in 

V 

<TJ 

Uo 

3 r-t  Ui  C (Q 

CO 

T1 

0 

X) 

• 

03 

03 

o 

a 

03 

rH 

O 

•x 

X) 

c 

X3 

rH 

03 

03 

0)  »- 

H 4>> 

• (TJ  O U 

E 

<1) 

rn 

•r| 

rH 

O 

(0 

Vi 

rH 

>1 

(0 

E 

Vi 

rH 

03 

•H 

(0 

03 

03 

rH 

>1 

E 

o 

M 

(0 

V4 

O d 0 <D 

x: 

<u 

01 

03 

in 

o 

•H 

03 

rH 

03 

3 

3 

rH 

CO 

0 

> 

0 

Hi 

03 

01 

Hi 

VD 

3 H 

) n 

0 

CO 

3 Ol  rH  ?>  X 

J M 

-u 

tn 

Vi 

S 

rH 

(V 

03 

rn 

rH 

a 

E- 

U 

44 

a 

aa 

0 

u 

03 

rn 

rH 

hi 

03 

m 

u (0  a 

44 

t— ( 

• 

<N 

m 

in 

VD 

r- 

rH 

• 

(N 

rn 

• 

rr 

• 

in 

• 

rH 

• 

CN 

• 

m 

• 

in 

'H 

U 

Ifl 

o 

'H 

3 

i*j 

rH 

3 

tn 

u 

'H 

e 

o 

Vj 


(1) 

3 

O' 

(0 


as 


Post 


U) 

• V) 

in  (u 

fl>  c 

D • 

0*  u in 
m -H  -a 
-H  x:  -H 

u-u  o 
> 

T)  r 
o c s 
Q o 0 
i3  c>  J 


• TJ 

^ c <u  -u 

-H  ^ fl 

o in  ^ 

^ <u  e in 
\ <u  in 
CD  in  cj 
r-i  >1  in  u 
00  ;si'  fl  a 
o 

in  (i)  £ 111 

Vj  -P  o C 

<1)  -H  <1) 

>1  C > T) 
HI  0 T)  m 
■H  cm 
a m m 
nemo. 


T3 

"O  m <u 

<u  • e -H 

*•^  C f— I 

£ Qj 

a e m a 
a m 

HI  in  * oj 
»H  CJ  1-1 
CJ  o 
p p o oj 
D O in  p 
m i*-i  ,H  D 
m in 

O -a  O m 
P rH  4.)  CJ 
CU  CJ  P 
£ T1  a 
• CJ  V 
m i«  in  ji  • CJ 

6 -H  p p 
•H  >,  HI  -o  £ 3 
£ H p CJ  o 
m > r-4 

CJ  a O -tJ 
6 E p m 
■H  3 CJ  CJ  o o 
E CTE-i  P iw  O. 


p • 

£ 

CJ 

CJ  £ 

■P 

■p 

a m 

HI 

tP 

m 

m m 

£ 

• C 

■p  T 

a s 

• C -P 

a (.' 

TJ 

CJ  CJ  CJ  m 

•p 

>1  CJ 

•H 

m > c o 

■p  .p 

p -p 

u 

com 

0 a 

CJ  m 

HI 

•H  .H  TJ 

■c  a 

E £ 

P CJ  -p  CJ 

m 

CJ  a 

U 

0 m -p 

c 

m 

•H 

P 0 ,H 

0 c 

-H  0 

P 

CJ  IX  >1  a 

■p 

afc  £ 

D 

•p  X a 

Tl  m 

a 

• 44 

m c 0 m • 

CJ  0 

£ 

CJ  .H  . 

5 -P  £ CJ 

J p 

■P  E 

W3C 

4J  ^ c 

m 

S -H  r \ E 
-a  p CJ 
T3  O -HO, 

CJ  in  P E ro  • 

TJ  I CJ  O 

C -H  +J  p Vi 

iijpnj£0' 

w El  a u 44 


■p  c m £ 

ID  p f ■ CJ  u m 

••H  CJ  CJ  £ O O 
p E a p p 

■p  -H  m in  3 JD 

P CJ  CJ 
0<  O.  E -P  C £ 

< I m m D -P 

I Cej  O »H  ’H 

4-1  O.  <4)  S 


••  >iH  X 

P X -o  o 
CJ  O £ 
E J=  -H  -p 
H 4J  >,  CJ 
P CJ  £ E 
a-H  4J  -H 
P CJ  p 
■p 


44  D.  C4  C4 
<C  <1:  < 

■Pill 

a >-  >-  >- 

CJ 

CJ  00  oi  o 
X .H  .H  (N 

IP  ^ afc  a*: 


m 
3 

>i-H  XIS 

X -a  ol 


CJ  0 £ 

E £ P -P 

H 

■P  >1  CJ 

p 

P CJ  £ E 

a 

Q)  -H  4J  -H 

E P CJ  P 

' ■ I 


a r.iore  uniform  adhesion  could 
be  obtained  by  mixing  some  of 
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disadvantages  of  these  tests  were  examined.  It  was  concluded 
that  neither  test  yields  a "true"  value  of  the  bond  shear 
stress.  The  short  beam  shear  specimen  undergoes  large  deflec- 
tions in  the  aluminum,  which  makes  the  values  of  the  shear 
stress  calculated  from  the  following  equation  inaccurate: 


3 P 

4 BE 


where  P = load 


b = specimen  width 
h = specimen  height. 


Furthermore,  this  equation  was  not  derived  for  the  case  of 
specimens  consisting  of  two  different  materials.  Nevertheless, 
by  calculating  a "stress"  from  (1)  above,  considering  the 
calculation  basically  a normalizing  procedure  to  account  for 
differing  specimen  dimensions,  and  noting  the  location  of 
failure  (i.e.,  interface  or  composite),  one  can  compare  differ- 
ent surface  treatments. 

On  the  other  hand,  the  lap  shear  test  also  has  disadvantages 
It  IS  characterized  by  having  a non-uniform  shear  stress,  as  well 
as  a high  value  of  normal  stress  due  to  bending  of  the  joint.  As 
stated  in  the  previous  semi-annual  report,  the  maximum  shear  stress 
IS  about  2.5  times  the  average  value.  Furthermore,  a normal  stress 
IS  also  present,  acting  transversely  to  the  joint,  and  is  equal  to 
about  one-half  the  longitudinal  stress.  With  such  a high  normal 
stress  present,  a tendency  toward  adhesive  failure  should  be 
*^obed,  and  this  was  indeed  observed. 

The  data  obtained  at  room  temperature  and  in  liquid  helium 
are  shown  in  Tables  II  and  III  and  in  Figs.  1 and  2.  The  plaque 
numbers  refer  to  the  surface  treatments  listed  in  Table  I.  in 
all  cases,  the  failure  mode  for  the  lap  shear  test  (Table  II) 
was  almost  completely  adhesive  for  the  reasons  previously  discussed. 
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Occasionally,  small  pieces  of  resin  would  adhere  to  the  aluminum 
surface.  In  contrast,  the  failure  modes  for  the  short  beam  shear 
specimens  differed,  and  the  significance  of  this  is  discussed 
below. 

Because  of  the  mass  of  data  involved,  use  was  made  of  an 
available  computer  program  to  aid  in  the  analysis.  All  the 
data  were  analyzed  three  ways,  as  described  bexow.  In  all 
cases,  a group  of  data  was  considered  to  be  the  results  of 
specimens  tested  at  a given  temperature  and  specified  surface 
treatment. 

1.  The  mean,  variance,  standard  deviation,  and  standard 
deviation  of  the  mean  were  computed  for  each  group 
of  data  (see  Tables  II  and  III). 

2.  A standard  one-way  analysis  of  variance  was  conducted 
for  each  of  the  four  groups  of  data  at  300*K  and  4°K 
for  both  the  lap  shear  and  short  beam  shear  tests. 

3.  A Student's  t test  was  run  for  each  set  of  treatments 
tested  at  300®K  and  4**K. 

The  results  of  this  analysis  can  be  summarized  as  follows: 

A.  Lap  Shear  Test 

o At  300 there  was  a difference  between  groups  at  a 
89.5%  confidence  level. 

o At  4**K  there  was  a difference  between  groups  at  a 
98.8%  confidence  level. 

o Between  300“k  and  4**K,  eight  groups  had  a significant 
difference  above  the  90%  level,  and  seven  below. 

B.  Short  Beam  Shear  Test 

o At  300®K  there  was  a difference  between  groups  at  a 
100%  level. 

o At  4*K  there  was  a difference  between  groups  at  a 70% 
level . 

o Between  300®K  and  4®K,  fourteen  groups  had  a significant 
difference  above  90%,  and  ten  below. 
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These  results  confirm  the  general  impression  received  when 
one  examines  Figs.  1 and  2.  Although  the  means  in  both  sets 
of  te^>ts  are  higher  (stronger  joints)  at  the  lower  temperature, 
the  scatter  in  the  data  tends  to  prevent  significant  differences 
In  the  case  of  the  lap  shear  tests,  if  the  results  for  one  treat 
ment  (#22)  were  eliminated,  a significant  difference  would  no 
longer  exist  between  groups  either  at  300°K  or  4'*K.  However,  we 
have  no  independent  basis  for  discarding  the  data  for  #22. 

The  short  beam  shear  tests  are  of  more  interest.  It  may  be 
noted  that  the  failure  at  room  temperature  generally  occur  at 
the  interface  with  a relatively  small  spread  in  d ita,  while  at 
4®K  the  failure  is  generally  cohesive  or  mixed,  with  a larger 
spread  in  the  data.  Furthermore,  from  the  analysis  of  variance, 
a highly  significant  difference  exists  between  groups  at  room 
temperature,  while  at  4°K  the  difference  between  groups  is  much 
less  significant.  This  is  consistent  with  the  observation  that 
at  4’’k  the  failure  is  generally  governed  by  the  composite,  and 
thus  is  insensitive  to  surface  treatment.  At  room  temperature, 
however,  the  effect  of  surface  treatment  is  more  obvious  because 
of  the  interfacial  aspects  of  the  failure.  This  also  leads  to 
the  happy  conclusion  that,  at  4’’k,  interface  effects  are  less 
important  than  at  300°K.  This  implies  that  bonding  at  liquid 
helium  temperatures  may  not  be  as  difficult  than  at  higher  tempe 
atures . 

There  appears  to  be  little  correlation  between  the  resiAi  ts 
of  the  lap  shear  tests  and  the  short  beam  shear  tests.  The 
former  exhibits  considerably  greater  variance  than  the  latter. 

As  discussed  above,  the  stress  conditions  are  quite  different 
in  tnese  two  situations  and,  in  turn,  results  in  differing 
failure  modes.  While  this  may  suggest  the  need  of  u better 
measuring  technique,  such  as  torque  shear,  it  also  indicates 
that  it  is  important  to  devise  evaluation  tests  that  closely 
simulate  actual  conditions  in  an  engineering  application. 
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On  the  basis  of  the  limited  results  to  date,  plaques  11 
and  17  resulted  in  the  best  overall  behavior,  depending  on 
whether  the  emphasis  is  on  bond  strength  or  uniformity;  the 
former  being  the  more  uniform,  and  the  latter  having  the 
greater  absolute  average  strength.  These  comparisons  are  made 
on  the  basis  of  the  relative  rankings  under  the  four  test 
conditions  {4“k,  300“k,  lap  shear,  and  short  beam  shear). 
However,  more  measurements  should  be  made  before  making  a firm 
recommendation  in  view  of  the  relatively  small  population 
tested.  Finally,  it  should  be  noted  that  the  merits  of  the 
various  surface  treatments  may  be  expected  to  reveal  themselves 
more  prominently  under  thermal  cycling  conditions.  Such  tests 
were  beyond  the  scope  of  the  present  work. 


REFERENCE 


W.B.  Hillig,  Principal  Investigator,  previous  semi-annual 
report  under  Contract  CST-8300  for  the  period  9/1/74  through 
2/28/75,  "Composite  Structural  Materials  Investigation  at 
Cryogenic  Temperatures." 


1 


FIG.  2 SHORT- BEAM  SHEAR  STRESS  AT  300“K  AND  4*K  FOR 
VARIOUS  SURFACE  TREATMENTS.  RANGE  SHOWN  IS  THE 
STANDARD  DEVIATION. 
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The.  information  essential  for  optimum  state-of-the-art  super- 


conductive machinery  design  is  extensive  and  varied.  With  the 
goal  of  building  this  machinery  as  efficiently  and  expeditiously 
as  possible,  a number  of  programs  were  initiated  to  obtain  phys- 
ical and  mechanical  properties  of  judiciously-selected  candidate 
materials  that  might  prove  applicable  to  superconductive  cryo- 
genic use.  The  lack  of  sufficient  fatigue-life  data  on  several 
candidate  materials  in  the  temperature  range  of  293  to  4®K 
prompted  the  Initiation  of  the  work  being  done  in  this  program. 

The  purpose  of  this  program  was  to  obtain  preliminary  charaC' 
terlzatlon  of  unnotched  and  notched  (K^  ■ approximately  3.1) 
fatigue  behavior  using  parent  metal  round  bar  specimens  under 
fully  reversed  stressing,  R " -1,  if  technically  feasible.  The 
five  alloys  evaluated  follow; 

1)  3U^L  stainless  steel,  annealed 

2)  310  stainless  steel,  annealed 

3)  21-6-9  stainless  steel,  annealed 

4)  A-286  stainless  steel,  STA 

5)  718  nickel  alloy,  STA 


.*) 


1-] 


112< 


MATERIALS 


Certified  test  data  for  the  five  alloys  are  given  In  Table 
II -1. 


Stock  of  each  alloy  was  obtained  In  »s-ln.  diameter  round  bar. 
The  A-286  and  718  alloys  were  procured  In  a solution-treated  con- 
dition; aging  was  performed  by  Martin  Marietta.  The  aging  schedule 
was  as  follows: 

Alloy  Aging  Treatment 

A-286  16  hr  at  1325*F/alrcool 

718  8 hr  at  1325*F/fumace  cool  2 hr  to  1150“F/hold  for 

8 hr/alrcool 

Tensile  test  specimens  were  machined  from  the  Jj-ln.  diameter 
stock.  The  specimen  configuration  Is  shown  In  Figure  II-l.  The 


tensile  and  hardness  properties  for  the  alloys  tested  are  given 
In  Table  II-2. 


Metallographlc  examination  was  performed  on  304L,  310,  21-6-9, 
A-286,  and  718  alloys.  Typical  microstructures  were  observed  for 
these  alloys  and  conditions.  Micrographs  for  each  material  are 
sho-^  in  Figures  II-2  through  II-6.  The  grain  size  obtained  for 
these  alloys  is  listed  below. 


A^loy  Condition 


304L  stainless  steel  Annealed 

310  stainless  steel  Annealed 

21-6-9  stainless  steel  Annealed 

A-286  stainless  steel  STA 

718  nickel  alloy  STA 


Grain  Size 


6-7 

6 

8 

8 
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Table  II-2  TemHle  anu  hardnese  Data  at  29Z’*K 


Alloy 

Ultimate 

Strength, 

ksl 

Yield 

Strength, 

ksl 

Elongation, 

X 

Reduction 
in  Area, 

X 

Hardness , 
Rockwell 

21-6-9 

117.7 

87.3 

43 

75 

100  R3 

304L 

87.7 

56.6 

56 

81 

00 

CO 

310 

102.1 

88.6 

26 

69 

97  R^ 

A-236 

161.6 

126.3 

22 

46 

35 

718 

197.1 

158.9 

22 

46 

42 

,r 

Mm--e 
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Figure  II-3  iH-crostructure  of  310  hnnealed  Stainless 
Steel 


mm 
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Figure  IIS 

Miorostruoture  of  A-286  Solution  Treated 
and  Aged  Stainless  Steel 


400X 


Figure  II-6 

Micros truoture  of  Solution  Treated  and 
Aged  718  nickel  Alloy 


This  chapter  describes  the  specimen  geometries  selected  and 
testing  apparatus  and  techniques  used  to  obtain  the  data  presen- 
ted in  this  report. 

The  two  principal  specimens  used  for  this  program  are  un- 
notched and  notched  fatigue  types.  The  specimen  configurations 
are  shown  in  Figures  III-l  and  III-2  and  were  chosen  to  accomo- 
date fully-reversed  axial  loading  and  to  provide  accuracy  of 
alignment.  The  design  incorporates  a long,  smooth  gage  with  a 
"mild"  radius  and  a bearing  shoulder  at  the  end  of  the  thread 
section  for  alignment  and  locking,  as  opposed  to  aligning  on 
the  threads.  The  system  is  advantageous  because  only  two  close 
tolerance  alignment  surfaces  are  required  and  failure  within 
the  prescribed  area  of  the  gage  is  assured  giving  much  more 
representative  fatigue  data.  The  specimen,  when  locked  with  a 
preloaded  nut  at  each  end  of  the  threaded  bar,  can  be  subjected 
to  a fully  reversed  tension  compression  loading  cycle  that  is 
continuous  through  zero. 

The  notched  specimen  configuration  (Figure  III-2)  has  a 
theoretical  stress  concentration  factor  (K^.)  equal  to  3.1.  The 

of  3.1  is  a moderate  concentration  factor  and  allows  direct 
t 

correlation  with  a large  portion  of  published  data.  In  prac- 
tice, the  root  of  each  notch  was  dressed  and  polished  using  a 
0.020-in.  diameter  stainless  steel  wire  coated  with  1-micron 
diamond  paste.  The  coated  wire  was  drawn  through  the  notch. 


. - — »fivmnr 


while  the  specimen  rotated  in  a lathe  at  approximately  150  rpm. 
This  notch  dressing  procedure  was  uniformly  applied  to  all 
notched  specimens  and  contributed  to  more  consistent  results  and 
smaller  data  scatter. 

The  smooth,  round  bar  fatigue  specimens  were  polished  after 
machining  using  240  to  320  grit  polishing  paper  (the  courseness 
of  the  initial  rough  polishing  paper  depended  on  the.  alloy  hard- 
ness and  machined  surface  roughness  in  the  gage  section)  and  then 
using  320  and  600  grit  paper  followed  by  a felt  wheel  and  1- 
micron  diamond  paste.  The  polishing  paper  was  bonded  to  a rub- 
ber sanding  disc  mounted  in  a small  Dumore  grinding  tool.  As 
the  specimen  is  rotated  at  approximately  350  rpm  between  lathe 
centers,  the  periphery  of  the  spinning  (approximately  2000  rpm) 
sanding  disc  contacts  the  specimen  gage  section  with  axial 
strokes.  The  same  procedure  was  used  with  all  grits.  The  final 
polish  used  a 2-in.  diameter  felt  x^heel  mounted  in  a Dumore 
grinding  tool  and  loaded  with  1-vaicron  diamond  paste.  As  the 
specimen  is  rotated  between  lathe  centers  at  approximately  150 
rpm,  the  spinning  (approx  2000  rpm)  impregnated  felt  wheel  con- 
tacts the  specimen  gage  section  with  axial  strokes.  This  polish- 
ing technique  produces  a mirror  finish  in  which  any  remaining 
polishing  marks  are  in  an  axial  direction  that  will  have  minimal 
effect  on  axial  fatigue  test  results  . 
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Fatigue  testing  at  293°K  was  performed  using  an  axial  loading 
rotating-eccentric  mass  Baldwin  Sonntag  SF-10  U machine  (Figure 
III-3)  while  the  77°K  and  4°K  testing  used  electronically-con- 
trolled and  hydraulicly  actuated  MTS  machines.  Figure  III-4  shows 
the  77°K  test  setup  with  a cutaway  in  the  liquid  nitrogen  con- 
tainer so  that  the  complete  load  train  is  visible. 

The  critical  alignment  betxjeen  test  fixture  and  specimen  was 
obtained  using  a strain-gage  alignment  cell.  This  alignment  was 
maintained  to  within  IQOp  in.  with  periodic  alignment  checks. 
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Fiffupe  III-3  293°K  Fatigue  Test  Setup  in  Baldwin  Sonntag  SF-lOU  Machine 


Figui>e  III-4  77°K  Fatigue  Test  Setup  in  MTS  Machine  (liquid  eontainei 
autaway  to  show  specimen  in  place) 


The  liquid  helium  test  apparatus  was  constructed  specifically 
for  this  work.  A compression  cage  arrangement  was  used  to  avoid 
heat  transfer  losses  with  a design  that  uses  a load  link  through 
the  bottom  of  the  cryostat.  A long  cage  was  used  to  permit  long 
time  testing  with  minimum  refilling.  The  maximum  stress  capa- 
bility of  the  system  for  the  specimen  diameter  used  was  150,000 
psl.  A photograph  of  the  system  is  shown  in  Figure  III-5,  and  a 
diagram  of  the  setup  is  shown  in  Figure  III-6.  The  diagram  shows 
a cutaway  of  the  cryostat  and  compression  cage  with  an  enlarge- 
ment showing  installation  of  the  specimen.  Cyclic  loading  was 
achieved  using  an  activator  removed  from  one  of  our  MTS  closed- 
loop  servohydraulic  testing  machines  and  mounting  it  above  the 
cryostat  as  shown  in  Figure  III-5. 


Hydraulic  Actuator 


Helium  Fill  Line 


Support  Plate 


Specimen 


Figure  III-6  Cutaway  Diagram  of  4'‘K  Fatigue  Test  Setup 


EXPERIMENTAL  TEST  RESULTS 


Fatigue  behavior  of  each  of  the  five  alloys  was  characterized 
at  293,  77,  and  4®K.  Because  of  the  extremely  high  cost  of  liquid 
helium  and  the  large  quantities  required  to  obtain  long  time 
fatigue  data,  the  number  of  tests  at  4°K  were  kept  to  the  minimum 
necessary  to  obtain  characterization  of  behavior.  Tests  at  293°K 
and  77°K  were  terminated  at  2 - 3 x 10^  cycles;  at  4“K,  tests  were 
discontinued  if  failure  did  not  occur  in  1 - 2 x 10^  cycles. 

Data  is  presented  in  tabular  and  graphical  form  as  follows: 

Alloy  Condition  Table  Figure 

304L  Unnotched  IV-1  IV-1 

Notched  IV- 6 IV-6 

310  Unnotched  IV-2  lV-2 

Notched  IV-7  IV-7 

21-6-9  Unnotched  IV-3  IV-3 

Notched  IV-8  IV-8 

A-286  Unnotched  IV-4  IV-4 

Notched  IV-9  IV-9 

718  Unnotched  IV-5  IV-5 

Notched  IV-10  IV-10 


UNNOTCHED  FATIGUE  TESTS 


Data  for  304L  (Figure  IV-1,  Table  IV-1)  show  very  little 
stress  dependency  of  fatigue  life  at  293°K.  Fatigue  life  at  this 
temperature  decreases  from  40  ksi  at  10^*  cycles  to  36  ksi  at 
2 X 10®  cycles.  Fatigue  strength  increases  appreciably  between 
room  temperature  and  77°K,  and  additionally  with  a decrease  in 
temperate ..e  from  77 °K  to  4°K.  At  the  cryogenic  temperatures,  the 
curves  show  a moderate  stress  dependency  of  life.  For  the  longer 
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cyclic  lives,  the  fatigue  strength  at  cryogenic  temperatures  is 
approximately  twice  that  at  room  temperature. 

Alloy  310  exhibits  a long  time  fatigue  strength  at  293°K 
similar  to  that  of  304L,  but  a more  characteristic  stress  depen- 
dency to  life,  with  a decrease  in  fatigue  strength  of  almost  50% 
for  low  cycle  versus  high  cycle  life  (Figure  IV-2,  Table  IV-2) . 

The  cryogenic  behavior  of  the  310  appears  generally  similar  to 
the  304L,  except  that  the  curves  are  somewhat  flatter.  The 
strengthening  with  reduction  in  temperature  is  also  similar  to 
that  of  304L. 

The  21-6-9  stainless  steel  (Figure  IV-3,  Table  lV-3)  exhibits 
a rat?-, AT  linear  loss  of  fatlgu'?  strangth  with  increasing  cyclic 
exposure  at  293*’K.  Although  the  properties  are  similar  to  310 
for  cyclic  life  up  to  10^,  the  strength  above  10®  cycles  is  super- 
ior tc  the  310  alloy.  A significant  strengthening  (slightly 
greater  than  double)  occurs  with  decreasing  temperature.  The 
properties  at  4°K  are  slig'  ly  higher  than  those  at  77®K. 

The  higher  strength,  solution  treated  and  aged,  A-286  stain- 
less steel  exhibits  much  higher  strength  properties  than  the 
annealed  alloys  previously  discussed.  The  293°K  curve  shows  a 
kneii  ill  chft  durvH  b4itWt-T>  30®  anj  LO®  cyrlaa.  The  fatigue  strength 
at  2 X 10®  cycles  is  approximately  50%  higher  than  that  observed 
for  the  300  series  alloys.  Fatigue  strength  Increases  with  re- 
duction in  temperature  (Figure  IV-4,  Table  IV-4) . 
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Alloy  718  (Figure  IV-5,  Table  IV-5)  exhibits  a knee  shaped 
curve  at  293®K.  The  fatigue  strength  at  2 x 10^  cycles  68  ksl) 
is  the  highest  of  the  five  alloys  tested.  At  77°K,  significant 
strengthening  occurs.  The  stress  requirement  at  4°K  exceeded  the 
capability  of  the  apparatus,  hence,  virtually  no  data  at  this 
temperature  was  obtained. 
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Fatigue  Life,  N,  cycles 

Unnotched  Fatigue  Life  Curves  for  304L  Stainless  Steel 


Table  IV~1  Unnotohed  Fatigue  Life  Data  for  304L  Stainlese  Steel 


293°K 


Stress,  Cycles  to 


Failure  x 10^  ksi 


2200* 

2000* 

2200* 

2000* 


Annealed 
R = -1 

*Discontinued 

tBroke  in  grip  section. 


Stress,  Cycles  to 


2000* 

2000* 

599t 

2300* 

2000* 
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Table  IV~3  Unnotahed  Fatigue  Life  Data  for  21-6-9  Stainless  Steel 


293°K 


Stress,  Cycles  to 


Failure  x 10^  ksi 


2200* 


Annealed 
R = -1 

*Discontinued 


Stress,  Cycles  to 


Failure  x 10  ^ ksi 


Stress,  Cycles  to 


Failure  x 10^ 


2100* 


2000* 


2500* 


2200* 


2100* 


1000* 
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^able  IV-4  Unnotahed  Fatigue  Life  Fata  for  A-286  Stainless  Steel 


293°K 

77“K 

4“K 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

100 

10 

140 

18 

145 

11 

95 

22 

130 

35 

140 

1 

90 

48 

125 

78 

130 

643 

86 

72 

120 

172 

120 

1395 

80 

160 

112 

376 

110 

1690 

75 

271 

105 

266 

100 

2200* 

70 

237 

100 

1439 

65 

335 

95 

1770 

62 

392 

90 

2000* 

60 

1087 

88 

2000* 

60 

2000* 

Solution  treated  and  aged. 
R = -1 

*Discontinued 
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Table  IV-6  Unnotched  Fatigue  Life  Data  for  718  Nickel  Alloy 
293°K  77°K  ~T^ 


Stress,  Cycles  to 


Failure  x 10^  ksl 


Stress  Cycles  to 


2 

5 

23 

67 

114 

229 

411 

672 

2100* 

2500* 


Solution  treated  and  aged. 
R = -1 

*Discontinued 


Failure  x 10^  ksi 
45  140 

155  110 

200 
513 
698 
695 
2000* 

542 

2000* 

2100* 

2100* 


4°K 

Stress, 

Cycles  to 

ksi 

Failure  x 10^ 

140 

1100* 

no 

2000* 

NOTCHED  FATIGUE  TESTS 


Data  for  304L  show  a uniform  decrease  in  fatigue  strength 
with  cycling  at  room  temperature  from  almost  50  ksi  at  10^*  cycles 
to  approximately  27  ksi  at  2 x 10®  cycles.  The  77°\  results  are 
quite  similar  to  the  293“K  in  the  10^  and  10®,  but  are  greater 
than  30  ksi  in  the  10®  region.  At  4“K,  fatigue  strength  is  sub- 
aC.intlally  greater  than  at  the  leader  teirperstury*  (Flgufb  IV-^, 
Table  IV-6)  . 

Curves  for  the  310  stainless  steel  (Figure  IV-7,  Table  IV-7) 
show  fatigue  strengths  at  293“K  similar  to  that  of  304L,  but  at 
77“K  and  4°K  significantly  higher  strengthening  is  observed. 

The  21-6-9  stainless  steel  exhibits  higher  fatigue  strength 
than  310  at  both  293  and  77'' K.,  but  at  4^K  only  limited  additional 
strengthening  is  observed.  The  fatigue  strength  at  4"K  is  below 
that  of  the  310  stainless  steel  (Figure  IV-8,  Table  IV-8) . 

The  notched  fatigue  curve  for  A-286  stainless  steel  at  293‘*K 
is  quite  steep;  a decrease  of  strength  from  approximately  72  ksi 
at  10**  cycles  to  less  than  20  ksi  at  2 x 10®  cycles  is  noted. 

The  increments  of  strengthening  associated  with  reductions  in 
temperature  to  77°K  and  4''K  are  approximately  equivalent  (Figure 
IV-9,  Table  IV-9) . 

The  718  nickel  alloy  exhibits  the  highest  notch  fatigue 
strength  at  all  temperatures  for  the  five  alloys  tested.  Con- 
tinuous strengthening  with  reduction  in  temperature  is  apparent 
(Figure  IV-10,  Table  IV-10)  . 
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T^e  IV-6  Notched  Fatigue  Life  Data  for  304L  Stainless  Steel 


293°K 


77°K 


Stress,  Cycles  to 


ksi 

55 

50 

45 

42 

40 

38 

38 

36 

35 

30 

27 

24 

Annealed 


Failure  x 10^  ksl 


Stress,  Cycles  to 


3 

7 

22 

52 

54 

54 

55 
88 

293 

682 

2000* 

2000* 


R = -1;  Kj.  = 3.1 


*Dlscontinued 


Failure  x 10^  ksl 
40  60 


30 

22 

57 

89 

62 

81 

2015 

140 

538 

2900* 
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4“K 

Stress, 

ksl 

Cycles  to 
Failure  X 10^ 

60 

232 

50 

177 

50 

302 

40 

98 

35 

376 

30 

1200* 

IV-17 


293°K 

77°K 

4°K 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

65 

11 

85 

11 

85 

9 

60 

12 

70 

37 

80 

17 

55 

33 

57 

35 

77 

16 

50 

65 

55 

99 

70 

30 

45 

325 

50 

1280 

70 

396 

40 

292 

45 

1140 

65 

22 

40 

306 

40 

109 

58 

2000* 

35 

234 

40 

2000* 

50 

660 

32 

590 

37 

2200* 

47 

707 

30 

363 

35 

72 

40 

1000* 

25 

2400* 

30 

2000* 

Annealed 
R = -1; 

Kj.  = 3.1 

*Discontinued 


Table  IV-9  Notched  Fatigue  Life  Data  for  A-286  Stainless  Steel 
293°K  77°K  4°K 


Stress,  Cycles  to 


Failure  x 10^  ksi 
8 90 


14 

12 

27 

54 

72 

93 

325 

676 

1304 

2100* 

2000* 


77°K 

4°K 

Stress, 

ksi 

Cycles  to 
Failure  x 10^ 

Stress, 

ksi 

Cycles 

Failuri 

90 

10 

90 

37 

90 

12 

75 

119 

80 

11 

60 

192 

70 

36 

50 

790 

60 

50 

45 

1200* 

50 

139 

40 

371 

35 

648 

30 

2100* 

Solution  treated  and  aged. 


R = -1;  K = 3.1 
t 


*Dis continued 
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DISCUSSION  OF  RESULTS 


Unnotch  ad  and  notched  fatigue  strengths  for  the  five  alloys 


increased  vith  reduction  in  temperature.  Figure  V-1  shows  the 


nature  of  the  Increase  for  unnotched  specimens  at  10®  cycles. 


The  304L  and  310  alloys  show  similar  strengths  at  293°K  and  77°K. 


However,  at  4“K,  304L  e:-diibited  less  strengthening  than  310.  The 


21~6-9  stainless  steel  exhibits  a modest  Increase  in  fatigue 


strength  at  293°K  compared  to  the  300  series  alloys,  but  with 


reduction  in  temperature,  the  increase  in  fatigue  strength  is 


quite  significant.  The  A-286  stainless  steel  exhibits  superior 


fatigue  strength  at  293®K  compared  to  the  previously  discussed 


alloys;  however,  at  lower  temperatures,  strength  is  comparable 


to  the  21-6-9.  Nickel  alloy  718  exhibits  the  highest  fatigue 


strength  of  all  alloys  tested  at  all  temperatures, 


The  ratio  of  fatigue  strength  compared  to  ultimate  strength 


as  a function  of  temperature  can  be  used  to  provide  semi-quali- 


tative understanding  of  the  effect  of  temperature  on  toughness. 


Another  way  to  look  at  the  ratio  is  as  an  efficiency  factor. 


The  data  for  each  alloy  is  plotted  as  ratte  of  fstlguG  iCrtngth/ 


ultimate  strength  for  each  temperature  in  Figures  V-2  and  V-3. 


The  data  show  that  304L  exhibits  a reduction  in  strength  ratio 


with  decreasing  temperature.  This  behavior  is  not  totally  sur- 


prising in  light  of  the  metastable  condition  of  the  alloy,  which 


leads  to  transformation  at  low  temperatures.  The  other  alloys. 


all  stable  at  low  temperatures  exhibit  an  Increase  in  strength 
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ratio  with  cooling  from  293°K  to  77‘*K.  However,  cooling  to  4°K 
exhibits  a general  decrease  in  fatigue  strength  ratio. 

Replotting  the  data  to  compare  the  alloys  at  77“K  and  4°K 
shows  that  the  lowest  efficiency  is  indicated  by  the  304L 
stainless  steel,  with  21—6—9  the  next  lowest.  It  is  interesting 
to  note  that  the  efficiency  of  the  310  alloy  is  greater  than  the 
A-286  steel.  Figure  V-4  shows  the  two  plots. 

This  work  was  compared  to  results  of  two  separate  studies 
performed  by  Nachtigallt*  (Figure  V-5) . In  one  study,  he  evalu- 
ated sheet  alloys  at  293°K,  77°K,  and  4°K.  The  only  alloy  common 
to  this  work  is  the  718  compositioi! , This  data,  for  R = 0,  is 
plotted  in  comparison  to  the  fully  revised  stressing  (R  = -1) 
used  in  this  program.  The  comparison  shows  the  R = 0 data  to  be 
generally  parallel  and  slightly  higher  than  the  R = -1  data.  This 
is  in  line  with  anticipated  results  because  fully  reversed  stress- 
ing is  dalaterl^jus  to  fatigue  strength  than  ttfuslon-tenslon 
loading.  In  the  second  study,  Nachtigall  used  strain  controlled 
cycling,  primarily  in  the  plastic  range,  to  obtain  low  cycle  data. 


+Nachtigall,  A.  J.;  Strain-Cycling  Fatigue  Behavior  of  Ten  Struc- 
tural Metals  Tested  in  Liquid  Helium,  in  Liquid  Nitrogen,  and  in 
Ambient  Air.  NASA  TN  D-7432,  February  1974. 


*Nachtigall,  A.  J.,  et  al:  Fatigue  of  Liquid  Rocket  Engine  Metals 

at  Cryogenic  Temperatures  to  -452°F  (4°K).  NASA  TN  D-4274, 
December  1967. 
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A few  tests  were  conducted  using  718  at  sufficiently  low  levels 
so  that  the  strains  were  only  elastic.  Converting  these  elastic 
strains  to  maximum  stresses  permits  a few  additional  points  to  be 
plotted.  These  tests  were  conducted  using  fully  reversed  loading 
and  are  therefore  shown  as  a R = -1  curve.  The  data  are,  in  all 
cases,  slightly  lovrer  than  the  results  of  our  tests.  Nachtigall 
also  evaluated  304L  in  the  strain  cycling  studies,  but  strain 
levels  were  too  high  to  permit  conversion  to  stress  cycling. 

The  notched  fatigue  data  is  summarized  in  Table  V-1.  Included 
in  this  summary  are  two  measures  of  notch  behavior.  The  first  is 
the  fatigue-notch  factor,  which  is  the  ratio  of  the  fatigue  strength 
of  unnotched  specimens  at  N cycles  to  the  fatigue  ratio  of  notched 
specimens  at  N cycles.  As  shown  by  the  table,  values  varied  from 
almost  unity  (for  304L  at  293'’K)  to  aniroximately  2.5  (for  the 
higher  strength  alloys) . The  second  measure  of  notch  behavior 
presented  is  a notch  sensitivity  factor,  commonly  called  q,  which 
is  defined  as  follows: 


q = 


Kj  - 1 


According  to  this  index,  a material  that  shows  no  reduction  in 
fatigue  strerjth  due  to  a notch  would  have  an  index  value  of 
q - 0;  a material  that  shows  as  much  reduction  as  predicted  would 
have  q = 1.  Values  of  q varied  from  0.01  to  0.85.  The  304L  and 
310  exhibited  excellent  notch  properties  at  293'’K.  Alloy  310 
exhibited  the  best  overall  notch  fatigue  behavior.  The  high 
strength  A-285  and  718  alloys  exhibited  the  poorest  behavior. 
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The  results  of  the  unnotchei.  and  notched  fatigue  testing 
showed  that  all  five  alloys  exhibit  satisfactory  performance  for 
cyclir  &F-rvirp  at  r*tnperstuTfeB  dowc  tt  Tlhire  no  evid-cnee 

of  significant  loss  of  fatigue  strength  due  to  the  effect  of 
temperature  or  the  presence  of  a notch. 


Fatigue  Strength  at  10^  cycles,  ksi 


Temperature,  ®K 

Figure  V-1  Comparison  of  Unnotahed  Fatigue  Data 
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Abstract 


Results  are  reported  of  d alx-ttonth  study,  llareh  through  August  ly75,  oa  candidate 
materials  for  superconducting  machinery.  The  results  cover  five  areas— advanced  composites, 
o properties,  fatigue  resistance  and  fracture  toughness,  magnetothermal  conductivity, 

r properties  were  studied  over  the  temperature  range  4 

studied  include:  oxygen-free  copper;  copper-nickel  alloys;  a preclplta- 

-hardening  copper  alloy;  invar;  nlckel-chromium-lron  alloys;  stainless  steels;  and  the 
composite  Mterials  boron/aluminum,  boron/epoxy,  S-glass/epoxy,  graphite/epoxy,  and  an 
rganic-fiber/epoxy.  Some  notable  results  of  the  study  are:  the  first  4 K fatigue  data 

on  a composite, material;  a ten-fold  increase  In  the  fatigue  life  of  a uniaxial  glass/epoxy 
composite  between  room  temperature  and  liquld-hlelum  temperature;  the  first  4 K fatigue 
tougtaeas  studies  on  a nitrogen- strengthened  chromium-nickel-manganese  steel, 
which  show  this  Mterlal  has  higher  yield  strength  and  adequate  toughness  compared  to 
Phrn™?  stainless  steels;  room-temperature  elastic  properties  of  a copper-cadmlum- 

pJnnoi  P^^eclpltatlon-hardening  alloy,  which  are  quite  different  from  those  of  unalloyed 
show  a non-parallel  behavior  of  the  shear  modulus  and  the  bulk  modulus;  the 
?an  ?!  stainless  steel  may  be  reduced  one  third  at  4 K by  a 6 MA/m 

(80  kOe)  ^gnetlc  field;  the  first  systematic  study  of  the  tensile  properties  of  flber- 
elntorced  composite  materials  between  room  temperature  and  liquid-helium  temperature. 

of  DeSiLr**^  ■SuH.oftei  b>  the  Advancea  Kesearch  Projects  Agency  of  the  U.S.  Department 

Composites;  copper  alloys;  elastic  properties;  engineering  materials; 

alloys;  cryogenic  temperatures;  mechanical  properties;  nickel 
alloys;  superconducting  machinery;  thermal  conductivity. 
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Tradenames  of  equipment  and  materials  are  used  in  this  report  for  clarity  and  to 
conform  id.th  standard  usage  In  the  scientific  and  engineering  literature.  Selection  of 
materials  for  discussion  and  examination  with  regard  to  application  in  superconducting 
machinery  is  baaed  on  properties  reported  in  the  literature,  and  must  be  regarded  as 
pTwlimlaary  atid  Cunt'  tl'Vw.  In  w duiia  sucli  MiudCitn  Uuplji!  tOf-''^ui.fablatlriii  or 

endorsement  by  the  National  Bureau  of  Standards,  nor  does  it  imply  that  the  material 
or  equipment  is  necessarily  the  best  available  for  the  purpose. 
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Sunnnary:  Advanced  Composltea 


Phase  II  of  the-:  experimental  program  is  now  In  progress.  This  report  contains  295  K, 

76  K,  and  4 K tensile  measurements  of  elastic,  plastic,  and  ultimate  tensile  properties 
necessary  to  characterize  five  fiber-reinforced  composites  selected  for  their  potential  use 
at  k:  5.6  mil  boron-6u6l  aluminum;  5.6  mil  boron-oOUi  epoxy;  o-yui  glass  resin  2; 

type  A graphite-NASA  resin  2;  and  Kevlar  49*-NASA  resin  2.  Compression  tests  are  in  progress. 


’*‘The  use  of  trade  names  in  this  paper  in  no  way  implies  endorsement  or  approval  by  NBS 
and  is  Included  only  to  define  the  material. 
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1.0  R«vl«w 


Prevlou*  ARPA  reports  [1,2]  lnclude<l  two  extensive  literature  reviews  on  the  cryogenic 
properties  of  glass- fllaaent  and  advanced-f Iber-relnforced  structural  composites.  One  has 
recently  appeared  In  Cryogenics  [3]  and  the  other  Is  now  In-press  for  a Special  Technical 
Publication  of  tha  American  Society  for  Testing  and  Haterials  [4].  A reprint  and  preprint 
of  these  papers  are  Appendices  II  and  III.  This  Information  clearly  indicated  the  almost 
complete  lack  of  4 K data  directly  applicable  to  the  design  of  superconducting  machinery. 

It  was  possible,  however,  to  select  five  candidate  composites  for  structural  use  and  we 
set  out  to  obtain  fundamental  static  tensile  and  cosqiressive  properties  to  make  it  possible 
to  compute  design  values  for  complex,  low-temperature  structures  by  macromechanical  analyses. 
Commercial  suppliers  began  fabricating  the  following  composites: 

5.6  mil  Boron-6061  Aluminum 

5.6  mil  Boron-5505  Epoxy 
S-901  Glass-NASA  Resin  2 
Type  A Graphlte-NASA  Resin  2 
Kevlar  49-NASA  Resin  2. 

While  swaltlng  material  delivery.  Phase  I preliminary  testa  were  begun  to  determine 
working  procedures.  For  these  tests,  two  commercial  suppliers  provided  boron-epoxy  and 
graphite-epoxy  materials.  With  these,  we  developed  a grip  system  that  yielded  a high  fraction 
of  aatlsfactory  fractures  and  also  determined  that  cryogenic  en>irofamnts  changed  most  mech- 
anical properties  relatively  little  from  the  room  temperature  v/ilues  for  these  composites. 

With  this  background,  the  boron-aluminum  became  the  first  material  available  for  our  Phase  II 
characterization  program.  Both  this  preliminary  data  and  the  boron-aluTinum  data  appeared 
In  the  last  ARPA  report  [5].  Two  previously  unseen  phenomena  did  appear  among  the  results: 
a two-part  elastic  region  in  the  graphite-epoxy  longitudinal  (0*)  specimens  and  a serrated 
•fress-strsln  curve  (discontinuous  yisldlng)  in  the  boron-aluminum  transverse  (90*)  and 
crossply  (+  45*)  specimens  at  295  K and  4 K but  not  at  76  K. 

The  boron— aluminum  measurements  and  those  subsequently  made  on  boron-epoxy  were  recently 
presented  in  a talk  at  the  International  Cryogenic  Materials  Conference  In  Kingston,  Ontario, 
Canada  (July  22-25,  1975).  The  paper  that  will  appear  in  the  proceedings  of  this  meeting  [6] 
Is  Appendix  IV. 


2.0  Phase  II:  ' ...acterizatlon  of  the  Mechanical  Properties 

of  Uniaxial  r—rsites  at  Cryogenic  Temperatures 


2.1  Introduction 


This  program  constitutes  the  first  attempt  to  characterize  f Iber-relaforced  composites 
at  cryogenic  teziperatures  and  obtain  the  basic  laminar  properties  needed  for  macromechanical 
analysis.  The  present  report  deals  with  static  tensile  properties;  compressive  tests  are 
now  in  progress.  Other  MBS  investigators  under  ARPA  contract  are  making  plans  for  dynamic 
mechanical  tests  (H.M.  Ledbetter)  as  well  as  thermal  measureawnts  (J.G.  Hust). 

While  the  boron-aluminum  data  app'^red  in  the  last  report,  it  will  be  included  here 
again  to  facilitate  comparison  and  for  completeness. 

2.2  Materials 


Each  of  the  five  composites  came  from  the  suppliers  as  trlamwd,  flat  sheets  that  were 

15.2  X 55.9  cm  (6  x 22  in)  for  the  boron-aluminum,  and  27.9  cm  (11  in)  square  for  all  the 
polymer-matrix  materials.  Uniaxial  layups  were  six  plies  thick  for  the  longirudlnal  tests 
and  15  plies  for  the  transverse  tests;  crossply  pistes  were  ten  plies  thick.  Table  1 
gives  tl.s  nominal  thicknesses  of  the  vsrious  sheets. 

The  suppliers  stated  that  the  void  content  should  he  < 2 volume  X and  that  NaOH 
oftactlon  on  two  specimens  of  boron-aluminum  indicated  an  average  of  47.2  volume  X boron. 

Our  own  radiography  of  all  plates  revealed  no  visible  voids.  The  tungsten  cores  of  the  boron 
filameuts  Mrs  visible  in  the  radiographs,  thereby  permitting  a spot  check  of  their  axial 
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2.3  Procedures 


As  noted  in  our  last  report  f5],  all  test  specimens  were  straight-sided  coupons  with 
no  tabs.  ThB  bcron-aluuinmr  length  wae  15.2  cm  (€  in)  while  all  other  specimens 

were  27.9  cm  (11  in)  long.  Specimen  widths  were  1.3  cm  (0.5  in)  for  longitudinal  tests 
and  2.5  cm  (1  in)  for  transverse  and  crossply  tests.  Cutting  was  done  by  a diamond  circular 
saw  lubricated  and  cooled  by  a stream  of  water  soluble  oil  except  for  the  Kevlar  49  composite 
for  which  a dry  slitting  saw  was  necessary.  Light  hand  buffing  with  emery  paper  further 
minimized  any  imperfections  on  the  already  very  smooth  edges.  The  Kevlar  49  material  was 
again  an  exception  since  this  process  caused  fuzzy  edges. 

Two  commercial  strain  gages  cemented  directly  to  the  surface  monitored  elongation  and 
Poisson's  ratio  in  the  longitudinal  and  crossply  specimens.  There  was  only  one  gage  on 
the  transverse  apficijtiih  Klncw  rhp  tflifcx.' -■  (U^^)  tall  be  ealwlattj  from  tht  itauS- 

verse  elastic  modulus  (E22)  and  the  longitudinal  values  of  elastic  modulus  (E^^)  and 
Poisson's  ratio  (Vj^2^ 
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Curing  the  strain  gage  cement  overnlgl. . at  345  K caused  softening  of  the  NASA  resi.i  2;  thus 
it  was  necessary  to  support  these  specimens  on  a flat  plate  during  this  process. 


Following  ASTM  D 3039-71T,  Method  of  T^ist  of  Tensile  Properties  of  Orlented-Fiber 
Composites,  pre-test  conditioning  of  polymer -based  materials  was  exposure  for  at  least  two 
days  to  room  temperature  air  at  40-60%  relative  humidity.  The  grip  system  developed 
earlier  |2]  was  atfaehpj  in  a alljriW'T  flKtute  Jwet  prior  cc  tht  ttst.  fagt 

lengths  were  15.2  cm  (6  in)  for  th*i  long  apfeckistic  and  IC.2  cm  (4  in)  for  those  of  boron* 
aluminum.  Tests  were  conducted  in  air  at  295  K^  in  liquid  nitrogen  at  76  K,  or  in  liquid 
helium  at  4 K at  a strain  rate  of  0.01-0.02  min  *. 


Outputs  of  the  load  cell  and  strain  gages  were  recorded  continuously  during  the  test. 

To  .k  within— specimen  repeatability,  we  cycled  the  load  to  about  one  third  of  its 
ult  a 4.e  value  (within  the  elastic  limit)  and  back  to  no  load  about  three  times  before 
loading  to  ultimate  for  most  of  the  polymer-matrix  specimens.  In  some  cases,  the  loading 
was  monotonlc  to  failure: when  the  ultimate  load  was  very  small  (e.g.,  graphite-NASA  resin 
2 transverse,  and  all  Kevlar  49-NASA  resin  2) , and  for  the  boron-aluminum  which  began  to 
yield  plastically  early  in  its  loading  history. 

As  before,  a "good"  or  acceptable  fracture  was  one  which  occurred  at  least  one  specimen 
thickness  away  from  the  grips.  The  ultimate  values  from  the  unacceptable  breaks  (inside  or 
too  n.  ar  the  grips)  were  usually  quite  comparable  to  those  of  the  good  tests  but  they  were 
not  Included  in  computing  averager.  This  criterion  of  determining  fracture  location  (at 
least  its  origin)  became  very  difficult,  usually  Impossible,  to  apply  to  the  polymer-based 
longitudinal  specimens  due  to  their  fracture  mode  (see  2.4  Results  and  Discussion) . 


\ 
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The  primary  purpose  of  testing  the  crossply  laminates  here  was  to  determine  the  in- 
plane shear  modulus  (^^^2)*  With  the  Petit  technique  f?],  the  calculation  requires  knowledge 

of  the  uniaxial  elastic  properties.  With  the  Sims  and  Halpin  approach 

[8J,  a shear  stress-shear  strain  curve  is  constructed  solely  from  tensile  data.  Because 
of  this  Inde^iMti^rp  ffa.  pflcT  reef  iata,  we'wL  etKwen  n calculat,^  <*^2 

method.  The  values  calculated  by  the  Petit  technique  and  listed  in  the  last  report  [5] 
for  boron-aluminum  agree  quite  well  with  those  listed  here. 
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2.4  ResultB  and  Dlflcuaalon 


Numerical  results  from  the  Individual  tests  are  presented  In  Tables  2-6;  the  average 
values,  standard  deviations,  and  coefficients  of  variation  are  In  Tables  6-10.  Table  11 
gives  the  calculated  shear  moduli. 

Discontinuities  on  the  stress-strain  diagram  of  boron-aluminum  In  the  transverse  (90°) 
and  crossply  (+  45°)  orientations  were  graphed  and  discussed  In  our  last  report  [5].  We 
still  have  no  explanation  and  have  found  this  behavior  Is  unfamiliar  to  other  workero. 

The  two-part  elastic  region  noted  in  graphite-epoxy  [5]  was  again  In  evidence  for  the 
graphlte-NASA  resin  2.  With  the  load  along  the  fiber  direction,  the  Initial  elastic  response 
Is  followed  by  a second  of  higher  modulus  and  higher  Poisson's  ratio;  these  are  noted  as 
primary  and  secondary  values  in  Tables  5 and  10.  The  uncertainties  in  Poisson's  ratio  make 
possible  the  argument  that  there  la  no  real  difference,  but  the  change  In  modulus  Is 
repeatable  and  usually  quite  distinct  In  the  load-strain  curves  recorded.  Again,  it  would 
appear  that  this  Increase  In  stiffness  could  be  due  to  straightening  of  the  graphite 
filaments. 

In  almost  all  Instances,  a minimum  of  three  tests  resulting, In  "good"  fractures  were 
conducted  at  each  temperature.  In  the  case  of  the  Kevlar  49-NASA  resin  2 composite,  the 
Initial  results  at  295  K and  76  K were  very  poor  and  showed  that  it  was  not  worth  running 
the  full  aeries  or  any  4 K testa.  These  low  strengths  and  the  very  low  Interlaminar  shear 
strength,  causing  delamlnatlon  problems  In  handling,  are  signs  of  severe  Incompatablllty 
between  this  particular  fiber  and  resin.  Component  compatablllty  Is  obviously  Important 
and,  before  any  extensive  commitment,  should  be  checked,  e.g.,  with  short  beam  shear 
tests. 

?lgure  1 shows  typical  specimens  fractured  at  4 K.  The  longitudinal  boron-aluminum 
specu.mens  appear  similar  to  moat  normal  metals  while  longitudinal  boron-epoxy  specimens 
fracture  Into  discrete  pieces  throughout  the  gage  length.  All  of  the  longitudinal  NASA 
resin  2-matrix  materials  tend  to  explode  between  grips  and  produce  a fuzzy,  filamentary 
mass.  All  transverse  fractures  are  defined  by  fiber  direction  and  are  typically  brittle. 

There  is  some  necking  and  plastic  yielding  in  all  crossply  specimens;  in  boron-aluminum, 
the  specimens  maintain  Integrity  while  all  others  fall  by  delamination.  Figure  1 shows 
only  4 K fractures  (except  for  the  Kevlar  49-NASA  resin  2) , but  tests  at  other  temperatures 
produced  breaks  of  basically  the  same  type. 

Mechanical  anisotropy  is  an  outstanding  characteristic  of  composites  and  all  properties 
must  be  correlated  with  fiber  direction.  The  high  modulus  of  boron  marks  both  Its  composites 
of  theH;  in  *lat  loiigltudinal  orlentatloti  x 10®  N^Oi*  ot  x 

10  psi) , Matrix  properties  dominate  the  transverse  and  crossply  specimens,  however,  and 
here  the  aluminum  matrix  shows  a higher  modulus  by  a factor  of  three  or  better  over  its 
polymer  counterparts.  The  longitudinal  moduli  are  very  close  to  being  temperature  Independent 
(<  5%  change  between  295  K and  4 K)  while  the  matrix-dependent  orientations  show  some 
small  effects:  polymer  bases  show  some  Increase  with  lowering  temperature  while  the 

boron-aluminum  generally  shows  a small  decrease. 

In  most  metals,  the  Poisson's  ratio  is  generally  about  0.3;  this  is  roughly  true  for 
boron-aluminum  in  all  orientations  and  the  longitudinal  specimens  of  the  other  composites. 

For  the  polymer  matrices,  the  transverse  values  are  very  low  while  the  crossply  values  are 
much  higher. 

Longitudinal  ultimate  strengths  do  show  some  temperature  dependence  — Increasing  at 
cryogenic  temperatures  particularly  for  boron-aluminum  (16.4  x 10®  N/m^  or  238  x 10®  psi) 
and  glass-NASA  resin  2 (19.6  x 10®  N/m*  or  284  x 10®  psi).  In  the  other  two  orientations 
CtUi  mUal  mocrlit  ^ k shiTwo  a superirrity . 

Those  composite  layups  in  this  group  which  do  display  any  yielding  do  not  have  a 
sharp  transition  between  elastic  and  plastic  zones.  Consequently,  the  determination  of  a 
proportional  limit  Is  quite  difficult  and  hence  the  rather  large  variation  In  values  as 
seen  in  the  standard  deviations.  The  0.2%  yield  strength  is  a considerably  less  variable 
msasure  of  plastic  yield. 
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The  poXyncr^nfttrlx  IncrxlaiilnAr  sheAr  mmIuII  in  T&biG  IX  Appear  to  agree  reasonabXy 
with  other  room  temperature  determinations  [9];  the  boron-aXuminum  vaXues  are,  however, 
quite  Xow.  This  difference  is  probabXy  due  to  the  non-Xinear  stress-strain  response  in 
the  ductiXe  matrix  invaXidating  assumptions  necessary  for  the  indirect  +;  45°  method  of 
eaXeuXating  flOJ*  The  boron-aXuminum  vaXues  Xisted  here  shouXd  serve  onXy  as  Xower 
boundaries. 

Composite  properties  are  strongXy  dependent  on  fiber  voXume  fraction  and  void  content 
but,  where  generaX  comparison  is  possibXe  with  the  data  reviewed  in  Appendix  III,  there  is 
reasonabXe  agreement  with  the  present  data  with  a few  exceptions.  In  the  gXass-NASA  resin 
2 we  did  not  see  the  large  increase  in  at  4 K that  would  be  indicated  by  earlier  20  K 

measurements  f3].  The  type  A graphite-NASA  resin  2 here  had  a very  Xow  transverse  tensiXe 
strength;  this  may  Indicate  Xow  f iXament-resin  compatabiXity.  AXX  the  KevXar  49-NASA 
resin  2 properties  indicate  the  severe  compatabiXity  mentioned  above. 

2.5  Future  Work 


o 
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Compression  tests  are  in  progress.  We  designed  and  buiXt  a speclaX  fixture  and 
have  now  seen  it  through  several  modifications.  After  working  with  a few  specimen  con- 
figurations, it  now  appears  that  the  major  hurdles  have  been  cleared  and  good  compression 
data  are  possibXe. 

Fatigue  testing  will  begin  later  this  fall  and,  for  this  purpose,  we  now  have  in 
hand  boron-aXumlnum  and  boron-epoxy  materials  in  a (0°  + 45°)  configuration. 
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Composite  tensile  specimens  fractured  at  4 K (except  for  Kevlar  49-NASA  resin  2) 
All  transverse  90“  specimens  broke  in  the  same  manner  while  all  crossply  (+  45“ ) 
polymer  matrix  specimens  were  similar  to  each  other  in  appearance. 
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CoB^jooite  tensile  specijaens  fractured  at  4 K (except  for  Kevlar  49 
NASA  resin  2).  All  transverse  (90*)  specimens  broke  in  the  same 
manner  while  all  crossply  (445*)  polymer  matrix  specimens  were 
similar  to  each  other  in  appearance.  . 
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Table  1. 

Composite  Plates  Used  for  Tensile  Mechi.nlcal  Tests 


Composite 

Orientation 

Nominal  1 
(cm) 

'hickness 

(in) 

Plies 

5.6  mil  Boron  6061-Aluminum 

longitudinal  (0°) 

0.109 

0.043 

6 

transverse  (90°) 

0.246 

0.097 

15 

crossply  (+  45°) 

0.178 

0.070 

10 

5.6  mil  Boron-5505  Epoxy 

longitudinal  (0°) 

0.102 

0.040 

6 

transverse  (90°) 

0.257 

0.101 

15 

crossply  (+  45°) 

0.170 

0.067 

10 

S-901  Glass  - NASA  Resin  2 

longitudinal  (0°) 

0.124 

0.049 

6 

transverse  (90°) 

0.315 

1 

0.124 

15 

crossply  (+  45°) 

0.196 

0.077 

10 

Type  A Graphite-NASA  Resin  2 

longitudinal  (0°) 

0.112 

0.044 

6 

transverse  (90°) 

0.292 

0.115 

15 

crossply  (+  45°) 

0.196 

0.077 

10 

Kevlar  49  - NASA  Resin  2 

1 

! 

longitudinal  (0°) 

0.124 

0.049 

6 

transverse  (90°) 

0.356 

0.140 

15 

crossply  (+  45°) 

0.218 

0.086 

10 
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Table  2. 


Tenille  Propertlei  of  5.6  mil  Boron-6061  Aluminum  Compoiltei 
(Individual  Specimen!) 


T emperature 
(K) 

Elastic  Moi 
(lO^N/m^l 

lului,  E 
(lO^'pall 

Poliion'a 
Rati  of  \f 

Proportion 

Lin 

(IO**N/m^| 

al  , 

nit, 

(lO^pal) 

0.  2%  Yielf 
Stre 

ll0®N/m^| 

ngth. 

(lO^pall 

Ultimate 

Streni 

(IO®N/m^l 

!th. 

(lO^psl) 

Ultimate 
Elongation,  e 

Long] 

Itudlnal  (1 

fi-l 

295 

195 

28.  3 

0,  320 

12.4'’ 

IBo'’ 

0. 6*' 

295 

194 

28.  1 

0.  280 

12.  7. 

184, 

0.  6 

295 

194 

28.  2 

0.  275 

P.  2 

19|'> 

0,  6 

295 

217 

31.  4 

0.  320 

12.5'’ 

175'’ 

0.6'’ 

76 

1H6 

27.  0 

0.  345 

16.  9 

245 

0.  h 

'6 

196 

28.  4 

0.  344 

15.  8 

230 

0.  7 

76 

20B 

30.  1 

0.  335 

16.  5 

239 

0.  H 

76 

196 

28.  4 

0.  351 

16.  o'’ 

233'’ 

0.  b'’ 

4 

21  1 

30.  6 

0.  313 

14.  9 

217 

0.  7 

4 

207 

30.  0 

0.  358 

16.  9 

245 

').  H 

4 

191 

27.  7 

0.  343 

16.  0 

231 

0.  8 

4 

206 

29.  9 

0.  360 

1 

16.  4 

23H 

0.  h 

Transverse  (90 

*1 

295 

163 

24.  0 

0.  247 

0. 67  i 

9.  7 

1.  38 

20.  1 

1.  74 

25.  3 

0.  n 

295 

177 

25.  7 

0.  265 

0.  54 

7.  6 

. 

I.  6C 

26.  1 

295 

1 12 

20.  6 

0.212 

0.67 

9.  7 

1.  29 

IH.  7 

1.  46 

21. 1 

1),  6 

76 

101 

14.  6 

0.  17S 

0.  92 

13.  3 

1.  B6 

27,  0 

2.  29'’ 

33. 2'’ 

0.  h’’ 

4 U 

155 

22.  5 

0.268 

0.  75 

10.  9 

1.  67 

24.  3 

2.  57 

37.  3 

(1.  h 

7b 

13H 

20.  1 

0.  239 

0.69 

9.  4 

1.  94 

28.2 

2.  47 

35. 9 

0.  n 

76 

1 16 

16.  e 

0.201 

0.  72 

10.5 

1.66 

24.  1 

2.  42 

35. 1 

1 1).  9 

4 

IHO 

26.2 

0.304 

0.  50 

7.  3 

1.  97 

26.  6 

2.  79 

40.  5 

0.  9 

4 

152 

22.  1 

U.  256 

i 0.80 

11.6 

. 2.  05 

29.  7 

2.  73 

39.6 

0.  8 

4 

IIU 

17.  1 

0.  199 

0.  86 

12.  5 

1.87 

27.  1 

2.  76 

40.  0 

n.  9 

Croisply  ( • 45*  j 

295 

112 

16.  2 

- 

0.  27 

3.9 

0.  90 

13.  0 

3.  62 

52.  4 

1 3.  6 

295 

100 

14.  5 

0,  417 

0.  68 

9.  9 

1.  01 

14.  6 

3. 92 

56.  9 

_ 

295 

120 

17.  3 

0.  375 

0.  17 

2.4 

0.  92 

13.  3 

3.  32 

48.  2 

10.  6 

76 

61.  6 

9.  0 

0.  313 

0.  06 

1.  2 

1.  52 

22.  0 

4.  11 

59.  6 

4.  6 

76 

71,8 

10.  5 

0.  361 

0.  20 

2.  B 

1.  44 

20.  9 

4.  64 

67.  2 

K.  8 

75 

99.  0 

14.  4 

0.  325 

0.  16 

2.  3 

I.  09 

15.  8 

3.  66 

53.  1 

4 

109 

15.  9 

0.  405 

0.  48 

6.9 

1.  40 

20.  3 

4.  25 

61.  7 

3.  2 

4 

111 

16.  0 

0.  378 

0.  26 

3.  7 

1.  20 

17.  4 

4.  06 

58.  9 

4.  1 

4 

84 

12.  1 

0.  337 

0.  16 

2.  7 

1.  41 

20.  5 

4.  02 

58.  4 

5.  2 

“Pol.ion'a  ratio,  for  tran.ver.r  (90'1  .pccimen.  (vj,l  worr  calrulatrH  froo,  anri  the  artragr  vah.ra  of  , ,,n<l  K 

The.  taluc.  rcBiilt.tl  from  an  Invalid  fracture  and  were  not  included  In  the  avrraue  value. 
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Tensile  Properties  of  Kevlar  49  - NASA  Resin  2 Composites 
(Individual  Specimens  and  Averages) 


Poisson  s ratios  for  transverse  (90^^)  specimens  were  computed  from  and  the  average  values 

of  and  E,,  for  each  temperature. 


Table  7. 


TaneUi  Pr<*perU««  o(  5.6  mil  Boron-6061  AlumUum  Compoiltii 
(Avoragoa  of  Spacimana  Toatod*) 


aatlc  Modulua,  E Holaaon'a  Ratlo^  v Proportional  Limit, 


0.  2ft  Yield  Strengib, 


I llO'^pall  CVf^) 


CVmi|  (10*N/m^|  lio’pill  |cV|T.I  (lo“N/m^l|  llo’pHI  I CVC,;i| 


Number  of 
Speclmena 


Longltudlnat  (0*  I 


Tranavarae  (90*  ( 


Croa^ly  (i  45'  I 


1 

9.  in.  1) 

11.9 

11.  on.  6) 

15.  I 

10.  5(2.  8) 

26.  8 

5.414.0) 

7J.  0 

2. 1(0.  8) 

40.  7 

4.  4(2.21 

50.  1 

Temperature  I Ultimata  Strength. 


*»uinMcr  ui 

Elonjillon.  r Specimen. 


1 f— ^ 

Longitudinal  (0*1 

295 

12  7 

164  1 

. 

0.6 

. 

I 

76 

16.  4(0.  6) 

238(8)  ' 

3.4 

0.  8(0.  0) 

3.  1 

3 

4 

16.1(0.  91 

233(12)  1 

5.  3 

0.8(0.  11 

7 7 

4 

Tranavaraa  (90 

*1 

295 

1.67(0.  18) 

24.2(2.  7( 

10.9 

0.  7)0. 1) 

14.  3 

3 

76 

2.  49)0.  08) 

36.  in.  1) 

3.  1 

6 8)0.  1) 

7.2 

3 

4 

2.  76)0.  0}) 

40.  0)0.  5) 

1.  1 

0.  9)0.  1) 

6.  4 

3 

Croaapli 

it  45* 

1 

295 

3.  62)0.  30) 

52.  5)4.  4. 

6.  3 

12.  Ill  5) 

12.  4 

3 

76 

4.  (4J0.  49) 

60.  0(7.  1) 

II.  8 

6.  7(2.  1) 

31.  3 

) 

4 

4.  mo.  121 

59.7)1.  8} 

3.  0 

4.  2)1  01 

23.  h 

3 

' ‘ ' 1.  .<..mcl,„.  ot  v.rl.Mon.  D.l.  Iron,  ihe  .perlm.n.  lh,l  br„kr 

not  Included  In  the  ralculatlune  o(  ultimate  alrengih  or  elongation. 

Puuton'a  ratiua  lor  tranaveraj  (90*1  apeclmena  lv_,l  were  calculated  (rom  u . F >nH  r 


• in  the  grip*  are 
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Table  8. 

T»tU.  Pro^rtl..  W i.t  mil  B.r«,.E^y  Ccimp«ll.. 
(Avaragaa  of  Spoclm*BB  Teatod^l 


^ EU.UC  M.^uU.,  r UmU.  .P*  0.  z.  Vl.l.  

h«*>  ,..PN;n.»,|,.0>p.„  |cv,..„, 

Lc»nflt«diaol  (0*) 

^ 33.^(0. 61  1.4  0.218(0.0191  •.  J 

'**  33.  *1(0. 71  2.1  0. Ml (0.0 111  9.8 

•*  23Bi6l  39.5(0.61  2,  3 0,239(0,  0141  5.9 


33,5(0.61 

33.  <»(0.?| 

34.  5(0.61 


Number  of 
Sptclmtns 


17.  5i‘),  Qi 
31.2(2.41 
35.  8(2.  3i 


IH.  1(1.  !• 
31.7(0.  7| 
3).  1(1,  <)) 


2.  54(0,  11) 

4.  53(0.  )4l 

5.  14(0.  32) 


2.62(0.  17) 
9.  72(0.131 
4.  83(0,18) 


0.017(0.0011  6.  1 0.344(0.071)  4.99(1.01  20.7 

0.033(0.002)  7.3 
0.  034(0.  003)  7.  9 

Croeoply  (t  45*1 


0.817(0.034)  4.  1 0.406(0.013)  5.  89(0.19)3.3 

0.471(0.0501  7.4  0.411(0.(3201  5.96(0.1914.9 

0. 700(0.0511  7.1  0.191^(0.028)  4.29(0.40)9.3 


3.  956(0.  016)  13.  4M),  3i  1. 8 
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Table  11. 


Temperature 


In-Plano  Sheer  Modulus 
(Average,  Three  Specimens) 

I Shear  Modulus,  G 


These  values  are  calculated  from  the  crossply  (+  45  ) data  using 
the  method  of  Sims  and  Halpin.  Standard  deviations  are  in 
parentheses;  CV  is  the  coefficient  of  variation. 


The  boron-aluminum  moduli  are  only  lower  limits  to  the  true  values 
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Appendix  I:  Symbols 

longitudinal  (0®)  elastic  modulus 
transverse  (90®)  elastic  modulus 
crossply  (+  43°)  elastic  modulus 
longitudinal  (0®)  Poisson's  ratio 
transverse  (90®)  Poisson's  ratio 
crossply  (+  45®)  Poisson's  ratio 
intralaminar  (In-plane)  shear  modulus 


proportional  limit;  stress  at  which  a stress-strain  curve  deviates 
from  elasticity,  l.e..  Is  no  longer  a straight  line 


0.2X  tensile  yield  strength;  stress  at  the  Intersection  of  the 
stress-strain  carve  with  a straight  line  having  the  same  slope 
as  the  elastic  modulus  and  offset  by  0.21  along  the  strain  scale 


ultimate  strength;  highest  stress  attained  on  the  stress— strain  curve 
ultimate  elongation;  highest  strain  attained  on  the  stress— strain  curve 


if 


Appendix  II:  M.  B.  Kasen, "Mechanical  and  thermal  properties  of  fil^entary- 
reinforced  structural  composites  at  cryogenic  temperatures.  1. 
Glass-reinforced  composites,"  Cryogenics  1^(6),  pp.  327-349 
(1973). 

This  trticit  is  an  axnnsiva  nv»w  of  lha  litaratura  on  tha  machankai  and  tharmal 
propartiaa  of  giass-rainfonad  structural  compoaitas  at  cryoganic  tamparaturaa.  Tha 
objactiva  is  to  provide  an  understanding  of  tha  general  magnitude  of  property  values 
obtainable  within  tha  cryogenic  tantparatura  rartga,  to  provide  a feel  for  the  relative 
literature  ranking  of  specific  composite  types  with  regard  to  a specific  property,  and 
to  impart  an  understanding  of  the  temperature  sensitivity  of  the  property  of  interest. 

A bibliography  and  bibliography-property  cross- ref ererKe  is  included.  This  is  '*art  I 
of  a two-part  series.  Part  II  will  consider  advanced  compoaitea. 


Mechanical  and  thermal  properties  of  filamentary- 

1 reinforced  structural  composites  at  cryogenic 

! temperatures 

I 1:  Glass-reinforced  composites 
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M.  B.  Katen 
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NomBficlaturB 

o«“ 

tensile  ultimate  strength 

o*’*'  bearing  yield  stiength 

^1 

initial  tensile  modulus 

o'  impact  strength 

secondary  tensile  modulus 

X thermal  conductivity 

tensile  ultimate  strength 

AL/L  thermal  contraction 

„IU 

tensile  fatigue  failure  stress 

Cp  specific  heat 

flexural  ultimate  strength 

Units 

initial  flexural  modulus 

lb  in'*  pounds  per  square  inch 

secondary  flexural  modulus 

lb  iri*  lb  in  * x 10* 

compressive  ultimate  strength 

N m'*  Newtons  per  metre  squared  (Pascal) 

compressive  modulus 

J kgr'  K'*  Joules  per  kilogram-Kelvin 

0^ 

interlaminar  shear  strength 

• 

W m'*  K'*  Watts  per  metre-Kelvin 

The  primary  impetus  for  structural  composite  development 
arose  from  the  need  to  obtain  improved  long-term  mechan- 
ical properties  at  elevated  temperatures  or  to  reduce  the  cost 
of  structures  designed  for  ambient  temperature  use.  Com- 
paratively little  effort  has  been  expended  on  development 
of  composites  for  use  at  cryogenic  temperatures.  A not- 
able exception  has  been  the  rather  extensive  body  of  work 
sponsored  by  tf.e  USAF  and  NASA  wherein  a leries  of 
glass-reinforced  plastics  were  characterized  to  20  K.  The 
other  major  field  of  cryogenic  development  ha:  been  con- 
cerned with  composite  reinforcement  of  pressure  vessels 


The  Mithor  it  with  ihi  Crvogenict  Diviiian,  National  Bureau  of 
Standardt,  Inttituta  for  Bnic  Standardt,  Boulder,  Colorado  B0302, 
USA.  Thit  rataarch  wat  lupportad  bv  tha  Advanced  Ratearch 
Proivcti  AfarKy  of  tha  Department  of  Dafanca  under  ARPA  Order 
No  2S69.  Racaivad  6 January  1975. 


for  aerospace  use,  largely  exploiting  the  continuous- 
filament  method  of  fa'^rication.  To  a large  extent,  the  re- 
maining published  data  on  composite  properties  at  cryo- 
genic temperatures  reflects  work  on  which  the  generation 
of  cryogenic  properly  data  was  peripheral  to  the  n*.tin  work 
objective. 

This  relative  lack  of  emphasis  on  cryogenic  structural 
composites  is  perhaps  understandable,  as  the  majority  of 
such  structural  applications  are  presently  satisfied  by 
readily  available  and  well-characterized  metals  and  alloys. 

In  view  of  the  extensive  data  base  available  on  metals,  it  is 
probable  that  metals  will  continue  to  constitute  the  main 
body  of  structural  materials  at  low  temperatures. 

Why  then,  should  one  consider  composites?  The  answer 
lies  in  the  Increasingly  stringent  demands  made  on  materials 
in  advancing  cryogenic  technology,  of  which  superconduct- 


; 


3 


) 


} 


CRYOGENICS . JUNE  1975 


191< 


22 


327 


0 


o 


o 


o 


o 


o 


) 


) 


ing  machinery  may  serve  as  an  example.  Undoubtedly,  the 
Titst  generation  of  superconducting  motors  and  generators 
will  be  dependent  almost  entirely  on  metals  technology. 
However,  it  is  highly  probable  that  succeeding  generations 
of  such  equipment  will  capitalize  on  advanced  composite 
technology  for  reasons  of  increased  reliability,  reduced 
weight,  and  increased  efficiency . lecting  the  higher  speci- 
fic strengths  and  moduli  of  advanced  composites  coupled 
with  a wider  range  of  thermal  and  electrical  properties  than 
are  obtainable  with  any  conventional  metal.  In  particular, 
the  high  strength  of  the  polymeric-matrix  composites  com- 
bined with  very  low  thermal  conductivity  will  be  advan- 
tageous in  minimizing  heat  losses  in  critical  components. 

The  technological  problems  associated  with  integration  of 
composites  into  superconducting  machinery  are  three-fold; 
(a)  most  designers  lack  a feel  for  the  properties  available 
with  composites,  (b)  an  adequate  data  base  does  not  exist 
for  composites  at  cryogenic  temperatures,  particularly  at 
4 K,  and  (c)  most  existing  composites  are  optimized  for 
service  at  room  temperature  and  above  not  for  for  cryo- 
genic service.  The  current  prograirune  at  NBS  is  aimed  at 
these  three  problem  areas. 

Our  first  effort  has  been  to  initiate  an  extensive  review  of 
what  is  known  about  the  mechanical  and  thermal  proper- 
ties of  composites  at  cryogenic  temperatures.  The  objec- 
tives of  the  review  are  four-fold:  (a)  we  wish  to  provide  the 
designer  with  a feel  for  the  general  magnitude  of  property 
values  which  may  reasonably  be  expected  from  a given  cate- 
gory and  class  of  composites  within  the  cryogenic  range. 

(We  define  a composite  category  by  the  general  reinforce- 
ment type,  for  example,  gl-iss-fibre  or  advanced  fibre 
(graphite,  boron,  etc).  We  subdivide  the  category  into  com- 
posite classc’s  by  the  general  matrix  type,  for  example,  glass- 
polyester  or  graphite-epoxy.  We  further  subdivide  the  class 
by  referring  to  a composite  type  when  a specific  reinforce- 
ment/matrix  coiiibination  is  specified,  for  example,  HT-S 
graphite/X-W  epoxy.)  (b)  we  wish  to  provide  him  with  a 
feel  for  the  literature  ranking  of  specific  composite  classes 
with  regard  to  a specific  property,  (c)  we  wish  to  impart  a 
feel  for  whether  the  property  of  Interest  is  likely  to  increase, 
remain  unaffected,  or  decrease  with  lowering  of  temper- 
ature, and  (d)  we  wish  to  define  those  areas  in  which  further 
data  are  needed  and  to  define  the  direction  tliat  future  work 
sliould  take  in  optimizing  composites  for  cryogenic  service 
and  for  implementing  their  use  in  the  construction  of  super- 
conducting machinery.  For  those  with  more  specific  in- 
terests we  include  an  extensive  Bibliography  and  Biblio- 
graphy-property cross-reference  to  simplify  retrieval  of 
specific  documents. 

It  must  be  enipliasi/ed  that,  although  this  survey  is  intended 
to  be  comprehensive,  tlie  coinple.x  nature  of  the  subject 
makes  it  unavoidable  that  some  works  worthy  of  inclusion 
have  been  inadvertently  omitted  The  author  will  appre- 
ciate references  to  any  additional  material  which  bears  on 
tlie  subject.  It  must  also  be  emphasized  that  the  results 
reported  in  the  surveyed  publications  have  not  been  exper- 
imentally confirmed  by  NBS  and  that  the  conclusions  and 
evaluations  presented  in  this  paper  reflect  those  of  the  cited 
authors  and  Jo  not  imply  approv:  I,  endorsement,  or 
recommendatiin  by  NBS. 

The  discussio.i  of  properties  ^ below  does  not  take  into 
consideration  the  effect  of  variations  in  fibre/resin  ratio  of 
specific  types  of  composites  and  test  specimens,  as  this  char- 
acteristic was  not  reported  for  all  referenced  works.  Corn- 
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posite  properties  may  be  strongly  influenced  by  this  ratio. 
The  property  data  discussed  in  this  paper  reflects  actual 
values  and  trends  reported  by  the  cited  authors  for  specific 
composites.  Controlled  variations  in  many  of  the  properties 
are  obtainable  in  practice  by  specific  variation  of  the  fibre 
content  of  the  composite. 

Tlie  literature  review  covers  I960  to  the  present  time,  as  it 
is  within  this  time  span  that  almost  all  of  the  significant 
work  was  undertaken.  We  include  only  continuous-fibre 
reinforced  composites,  as  such  composites  are  the  primary 
structural  materials.  Th.r  review  excluded  cryogenic  insul- 
ations, superconductor  com(>osites,  thin  films,  honeycomb 
strucures,  composite-overwrapped  metal,  or  fibre-only  pro- 
perties. Filled  composites  are  also  excluded.  There  remains 
the  very  large  field  of  composites  reinforced  by  a variety  of 
fibres  in  a variety  of  lay-ups  in  i variety  of  matrix  materials, 
and  it  is  with  this  body  of  data  that  this  review  is  concerned. 

The  wide  variety  of  composite  formulations  and  lay-ups  are 
further  complicated  by  lack  of  standard  test  procedures. 
Furthermore,  as  the  field  is  relatively  new,  much  of  the 
earlier  work  was  performed  on  relatively  poorly  characterized 
composites.  We  have  attempted  to  cope  with  this  ci  m- 
plexity  by  dividing  the  review  into  two  major  sections: 

Part  I treating  glass-reinforced  composites  and  Part  II  treat- 
ing the  so-called  advanced  composites,  foi  example,  boron, 
graphite,  etc.  The  rationale  for  this  separation  is  the  dis- 
tinctly different  use  of  these  two  composite  categories  in 
engineering  practice,  that  is,  glass-reinforced  composites  are 
used  in  applications  where  stiffness  is  not  a design  limitation, 
while  the  advanced  composites  are  used  where  a high 
modulus  material  is  essential. 

Within  each  of  these  categories,  we  present  the  reader  with 
a series  of  graphs  on  which  appear  the  average  literature 
values  of  each  property  for  each  composite  class  from  room 
temperature  into  the  deep  cryogenic  range.  Admittedly, 
presenting  average  data  is  in  danger  of  being  misleading,  as 
each  curve  has  associated  with  it  a considerable  scatter  band. 
For  this  reason,  we  discuss  the  range  of  values  associated 
with  each  curve,  emphasizing  those  specific  composite  types 
for  which  the  highest  values  were  reported.  It  is  of  utmost 
importance,  however,  that  the  reader  understands  that  the 
graphed  data  appearing  in  this  review  are  class  averages  and 
are  therefore  not  to  be  used  for  engineering  design  purposes, 
fhe  reader  interested  in  design  values  is  referred  to  the 
specific  literature  references. 

Scope  of  the  literature  survey 

We  initially  conducted  a subject  search  using  the  data  bases 
of  the  NBS  Cryogenic  Data  Cen'er  (CDC),  Defense  Docu- 
mentation Center  (DDC),  and  the  National  Technical 
Information  Service  (NTIS).  Additionally,  a subject  search 
was  conducted  througli  the  volumes  of  NASA  Scientific  and 
Technical  Aerospace  Reports  (STAR),  and  the  Aj.VI-AIMI' 
Metals  Review.  As  the  search  progressed,  a seiies  of  contract 
numbers  were  identified  as  being  associated  with  studies  of 
the  cryogenic  properties  of  composites.  The  DDC  and 
NASA  data  bases  were  then  searched  for  all  reports  issued 
under  such  contracts.  Finally,  the  DDC  date  base  and  that 
of  the  Smithsonian  Science  Information  Exchange  were 
searched  for  current  work  in  progress. 

Organization  of  the  Bibliography 

Tlie  appended  Bibliography  contains  148  references.  As  the 
work  progressed,  it  became  apparent  that  a large  part  of  the 
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relevani  data  had  been  produced  under  ? relatively  lew  con- 
tracts sponiored  either  by  NASA  or  the  USAF.  1 leven 
such  contracts  have  been  listed  at  the  start  of  the  Biblio- 
graphy with  rei'ennces  to  the  most  pertinent  publications 
issued  under  each  contract.  Only  final  reports  are  listed,  as 
tliey  adequately  suniin-ri/e  the  data  which  also  appeared  in 
numerous  interim  reports  on  each  project.  Journal  publica- 
tions are  listed,  as  they  often  provide  a convenient  review  of 
the  subje  • matter  contained  in  the  comprehensive  reports 
and  are  generally  more  readdy  available  to  the  reader. 

The  Bibliography  also  contains  a general  section,  alphabe- 
tically arranged  by  author,  listing  relevani  pufheations 
sponsored  by  other  contracts  or  by  corporate  in-house 
funding.  A separate  part  of  the  Bibliography  itemizes 
handbooks  or  reviews  which  will  be  found  useful  references 
but  which  do  noi  contain  original  data.  Finally,  a miscellan- 
eous reference  section  lists  publications  which  are  referenced 
in  the  text  but  which  do  not  contain  relevant  mechanical 
or  thermal  property  data. 

Wherever  possible,  the  pertinent  NASA  or  DIX'  code 
number  is  included  to  facilitate  retrieval  of  specific  pub- 
lications. Corporate  reports  not  so  identified  must  be 
obtained  from  the  corporate  source. 

An  extensive  cross-reference  relating  mechanical  and  physi- 
cal properties  of  specific  types  of  composites  lo  specific 
literature  references  is  included  to  simplify  literature  re- 
trieval by  the  reader.  The  latter  includes  separate  references 
to  filament-wound  pressure  vessels  in  recognition  of  the 
importance  of  such  applications  to  cryogenic  technology. 

A separate  listing  is  also  provided  of  reports  containing 
infonnatioii  on  the  clfcct  of  combined  cryogenic  temper- 
ature and  nuclear  radiation. 

Glass-reinforcfld  composites 

The  mechcnkal  and  thermal  properties  of  glass-polymcric 
composites  are  summarized  on  Figs  1-16.  Where  available, 
data  are  presented  for  295  K.  200  K.  77  K,  and  20  K (4  K 
dati  are  almost  non-existent).  Straiglit  lines  connect 
average  values  at  each  temperature.  Absence  of  a data  point 
for  a given  temperature  implies  that  no  significant  data  was 
found  in  the  literature.  An  asterisk  adjacent  to  the  number 
identifying  a curze  indicates  that  the  data  for  that  particular 
composite  type  was  minimal  relative  to  that  available  for 
the  other  composite  typos  included  on  the  figure. 

When  considering  t!ie  mechanical  property  data,  the  reader 
should  be  aware  that  there  exists  no  universally  accepted 
method  of  determining  these  properties  for  composites,  al- 
though committees  of  the  ASTM  are  working  diligently 
on  the  problem  of  standardization.  The  data  discussed  in 
tlie  present  review  were  for  the  most  part  obtained  in  the 
course  of  comprehensive  research  programmes  by  reliable 
investigators  who  were  concerned  with  obtaining  the  most 
valid  results  possible.  Nevcitheless.  it  remains  a possibility 
that  some  of  the  scatter  in  the  data  reported  in  the  litera- 
ture. particularly  for  compression  and  interlaminar  shear, 
reflects  differing  test  procedures.  Wliere  this  has  become 
apparent,  the  data  have  been  separated  by  test  method. 

Static  mechanical  properties 

Composite  tensile  strength  and  modulus 

The  reason  for  the  widespread  use  of  glass-icinforced  eotn- 
posites  is  evident  from  sir  tensile  strength  data  preseried  on 
Fig.l.  No  other  type  of  composite  can  match  the  uniaxial 


tensile  strengths  of  2S0  300  k lb  in  ^ provided  by  the  glass- 
epoxy  formulations  Lven  in  the  0°/90°  crossply  lay-up,  the 
glass-epoxy  strength  is  almost  equal  to  that  of  the  advanced 
composites  In  the  uniaxial  longttudinal  configuration.  Un- 
fortunately, the  moduli  of  glass-reinforced  composites  are 
quite  low,  as  may  be  seen  in  Fig.2.  It  is  this  low  modulus 
of  glass  that  has  given  impetus  for  development  of  tlie 
advanced  composites. 

Front  Fig.l  we  see  that  the  teitsile  strengtli  is  reduced  about 
50%  at  all  temperatures  In  a 0°/90°  configuration  as  com- 
pared to  uitiaxial.  for  example,  from  about  300  k lb  in  ^ to 
about  I50klbin'2  for  glass-epoxies.  Tliis  is  expected  from 
a 50'3  decrease  in  longitudinal  fibre  content,  the  crossply 
fibres  contributing  notliing  tc  tlie  overall  strength  wl.cn 
tested  parallel  to  one  fibre  direction. 

Approximately  another  25%  dec.'ease  in  strength  is  found 
upon  going  to  woven  cloth  rcinfoi.cement  of  an  epoxy 
matrix,  reflecting  the  decrease  in  load  carrying  capacity  of 
fibres  which  are  slightly  bent  in  the  weaving  process. 

Kpoxy  resins  are  most  widely  used  as  matrices  for  structural 
applications  where  maximum  strength  is  required,  lliis 
appears  justified  on  the  basis  of  the  data  of  Fig.  I wherein 
the  ultimate  tensile  strengths  of  the  clolli-epoxy  composites 
are  overall  higher  than  those  of  other  cloth-polymenc  com- 
posites at  all  temperatures.  The  polyurethane.  Teflon, 
phenyl  silane,  polyimide.  and  silicone-matrix  composites 
appear  to  have  the  poorest  strength  properties  at  295  K, 
with  phenolic  poly  benzimidazole  (also  known  as  PHI  or 
Imidite),  and  polyester-matrix  composites  being  inter- 
mediate in  strength.  At  77  K,  the  polyimide,  silicone,  and 
phenyl  silane-matrix  composites  continue  their  relatively 
poor  performance,  while  the  polyurethane,  polybcnziniida- 
zole,  and  Teflon-matrix  composites  have  about  equalled  the 
phenolics  and  polyesters. 
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Among  the  'uiaxial  glais-epoxy  compocites,  the  highest  re- 
ported strengths  were  about  1 75  k lb  In'*  at  77  K for  NOL- 
ring  tests  with  S-HTS/660FW  and  S-901/ERL2256/ZZL 
0820  compo«ites.^*A'*  This  work  was  directed  toward  fila- 
ment-wound pressure  vessels,  which  has  been  the  incentive 
for  much  of  the  cryogenic  composite  development  work. 
Other  authors  have  reported  strengths  of  3 15-330 
k lb  in'*  at  this  temperature  for  S-901/E-787  and  S-HTS/ 
Epon  828/Epun  1031  fiiament-wound  composites.  About 
the  same  strength  was  reported  for  Hi-Stren  glass  filament- 
wound  in  a NASA  Resin  2 matrix.^  The  overall  data  range 
was  213-375  k lb  in'*  at  77  K. 

A comment  on  two  of  these  epoxy  resins  is  in  order  so  as  to 
prepare  the  reader  for  proper  understanding  of  these  and 
subsequent  data.  Resin  E-787  will  be  referred  to  frequently 
in  this  paper,  as  it  is  often  associated  with  the  highest  re- 
ported mechanical  properties.  E-787  is  the  US  Polymeric 
Corporation  designation  for  an  Epon  828/Epon  1031/NMA/ 
BDMA  formulation  in  proportions  50/50/90/0.55  pbw. 

This  resin  is  referred  to  as  58-68R  by  the  Shell  Chemical 
Company  and  is  often  referred  to  as  the  Polaris  resin  be- 
cause of  its  successful  use  in  that  missile.  It  is  a conven- 
tional type  of  resin,  not  optimized  for  cryogenic  service. 

By  contrast,  Resin  2,  consisting  of  Epon  828/DSA/Empol 
1 040/  BDMA  in  proportions  100/11 5.9/20/ 1 pbw,  is  a 
bisphenolic.  A epoxy  system  modified  for  low-temperature 
flexibility  be  means  of  a long-chain  anhydride  and  a high- 
molecular  weight  tricarboxy  acid.  This  latter  resin  was 
developed  by  Soffer  and  Molho  under  NASA  sponsorship.* 
Soffer  and  Molho  compared  the  Resin  2 formulation  to  that 
of  58-68R  (E-787)  in  a series  of  burst  tests  on  metal-lined, 
S-901  glass  filament-wound  pressure  vessels,  their  results 
showing  Resin  2 to  develop  equal  strength  at  room  temper- 
ature and  hi^er  longitudinal  filament  stresses  at  77  K and 
20  K.  Additionally,  Resin  2 was  found  to  have  relatively 
greater  ductility  and  toughness  at  cryogenic  temperatures 
and  to  be  highly  resistant  to  cracking  when  thermal  cycled 
to  20  K.  As  the  E-787  and  Resin  2 epoxy  formultions  are 
likely  candidate!  for  cryogenic  applications,  the  present 
report  compares  the  property  values  obtained  with  each 
resin  whenever  such  data  are  available.  A further  discussion 
of 'esins  for  cryogenic  service  is  presented  in  the  conclud- 
ing part  of  this  paper. 

Continuing  with  the  analysis  of  the  data  on  Fig. I,  it  is 
found  thjt  among  the  0"’/90"’  data,  the  bjghest  tensile 
strengths  at  cryogenic  temperatures  have  been  reported  for 
S-901 /E-787*  and  S-901 /Resin  2*  with  values  ranging  from 
170-200  k lb  in'*.  The  overall  range  was  1 15-200  k lb  in'*. 

Among  the  woven-cloth  composites,  the  highest  cryogenic 
composite  strengths  were  reported  for  the  epoxy-matrix 
composites  181 /modified  Epon  828*  and  1581 /E-787,* 
having  tensile  strengths  on  the  order  of  125-145  k lb  in'* 
at  77  K tested  parallel  to  the  woof  or  warp.  The  phenolic- 
matrix  composite  datu  showed  quite  consistent  strengths  of 
60—70  k lb  in'*  at  77  K except  for  the  v/ork  of  Levin  et  al*' 
who  has  reported  200  k lb  in'*  at  77  K in  a composite  basi;d 
on  a butvar-phenolic  adhesive.  'The  polyester-matrix  data 
scatters  from  50—80  k lb  in'*  at  77  K except  for  one  report 
of  100—105  k lb  in'*  for  18!  glass  in  Hetron  31  or  Narmco 
527  resin.*  The  Teflon-m.-'.rix  composites  ranged  from 
50-80  k lb  In'*,  the  highest  value  being  reported  for  type 
1 16  glass  i.o  TFE  or  FEP.*®  The  silicone-matrix  data  show- 
ed relatively  large  scatter  from  25-70  k lb  in'*  a>  77  K with 
the  highest  values  being  reported  for  181/Trevarno  F-131* 


and  for  181/Narmco  513.*  Few  data  were  found  for  poly- 
urethane, phenyl,  silane,  and  polyimide-matrix  composites. 
About  73  k lb  in'*  was  reported  at  77  K for  181  glass  rein- 
forced with  the  flexible  polyurethane  Adiprene  L-lOO  and 
60  k lb  in'*  for  the  same  reinforcement  in  the  phenyl 
silane  Narmco  534.*  Polyimides  are  relatively  new  matrix 
materials,  having  been  developed  primarily  fur  elevated- 
temperature  use,  particularly  for  stability.  Krause  et  al  ** 
reports  a comparatively  low  value  of  43  k lb  irr*  at  77  K 
for  a glass-polyimide  composite.  On  the  other  !und,  poly- 
benzimidazole-matrix  composites,  which  are  of  the  same 
family  as  the  polyimides,  appear  to  develop  very  high 
strength  at  77  K and  at  20  K,  exceeded  only  by  the 
epoxies. 

All  of  the  above  comparisons  were  made  at  77  K because, 
as  seen  on  Fig.  1,  while  the  teni..c  strength  in  ail  cases  in- 
creases between  295  K and  77  K,  further  cooling  to  20  K 
produces  erratic  results.  This  Is  more  clearly  illustrated  by 
Fig. 5a,  which  is  a histngrim  illustrating  the  frequency  with 
which  the  literature  reports  a given  change  in  the  ultimate 
tensile  strength  of  glass-epoxy  composites  upon  cooling 
from  room  temperature  to  77  K and  to  20  K.  The  data  are 
broken  down  as  to  lay-up  type.  Here  it  is  seen  that  cool- 
ing of  glass-epoxy  composites  from  295  K to  77  K can 
produce  a strength  increase  of  from  10-140  k lb  in'*  with 
a high  probability  of  an  increase  on  the  order  of  30-60 
k lb  in'* , essentially  ..  dependent  of  the  type  of  lay-up. 
However,  on  cooling  lurther  to  20  K,  the  probability  is  for 
a slight  decrease  in  stnngth  for  cloth  and  0*/90“  crossply 
reinforced  epoxies  and  a reasonably  high  probability  that 
uniaxial  glass-epoxies  will  suffer  a strength  degradation 
which  may  be  as  high  as  80  k lb  in'* . The  phenolic, 
polyester,  phenyl  silane,  and  polyurethane-matrix  com- 
posites all  showed  a similar  erratic  behaviour.  An  excep- 
tion appeared  to  be  the  silicone-rriatrix  composites  which 
showed  consistent  moderate  increases  in  strength  at  20  K. 

The  behaviour  at  200  K offers  few  surprises  except  for  the 
18 1 /Adiprene  HOO  data  * which  indicate  that  the 
strength  of  this  flexible  polyurethane  composite  rapidly 
increases  as  temperature  is  lowered. 

As  with  the  tensile  strength,  the  initial  tensile  modulus  (The 
initial  slope  of  the  stress-strain  curve  in  crossply  and  clotn- 
reinforced  ^ass  composites),  Fig.2,  shows  the  expected  d 
pendence  on  fibre  orientation.  Values  range  from  about 
10*  lb  in'*  for  the  uniaxial  longitudinal  lay-ups  to  5-6  x 
10*  lb  In'*  for  the  0"/90"  crossply  to  2-5  x 10*  lb  in'*  for 
the  woven  cloth  composites.  The  polybenzimidazole- 
matrix  composites  developed  much  higher  moduli  than  any 
of  the  other  cloth-reinforced  materials  at  cryogenic  tempera- 
tures. Also,  the  glass-cloth  phenolic  composites  are  found 
to  have,  on  the  average,  slightly  higher  moduli  than  glass 
cloth-epoxies,  while  glass  cldth-polyesters  appear  as  good  as 
the  epoxies.  The  silicone,  polyurethane,  and  Teflon-matrix 
composites  displayed  the  lowest  moduli  with  an  indication 
that  phenyl  silane-matrix  composites  are  of  inU '•mediate 
modulus. 

Again  taking  77  K as  a criterion  temperature,  the  uniaxial 
glass-epoxies  showed  a modulus  range  of  about  8-1 1 x 
10*  lb  in'*  with  the  higher  values  reflecting  variants  of 
S-HTS/Epon  828  **  and  Hi-Stren/Resin  2.*  The  0°/90“ 
crossply  data  ranged  from  3-7  x 10*  lb  in'*  with  values  of 
5.5-7  X 10*  lb  in'*  being  reported  for  v901  glass  with  a 
series  of  epoxy  resin  formulations.*  Tfe  clotli-reinforced 
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epoxies  yielded  moduli  from  2-5  x 1 0*  lb  in  ■ « h the 
comparitively  highest  values  being  reported  for  181  glass/ 
Epon  828  formulations.^ 

Although  the  a/erage  moduli  of  the  glass  doth  phenolh; 
composites  was  higher  than  that  of  the  epoxies,  literature 
values  ranged  from  3—4.7  x 10*  lb  in'^  which  suggests 
that  no  significant  difference  in  moduli  should  be  expected 
for  good  composites  made  with  either  epoxy  or  phenolic 
matrices.  A detailed  look  at  the  glass-cloth  pp'yester  data, 
however,  shows  a relatively  narrow  modulus  range  of  about 

3.5  -4x10*  lb  in'^  suggesting  that  the  strongest  composites 
made  with  this  polymeric  matrix  are  probably  weaker  in 
modulus  than  the  strongest  epoxies  or  phenolics  by 

about  10*  lb  in  *.  In  a similar  way.  the  glass  cloth-silicone 
matrix  composites  are  still  weaker  having  moduli  which  vary 
from  2.S  -2.9  x 10*  lb  in'*  at  77  K.  Sorrewhai  fewer  moduM 
data  are  a ailable  for  polybenzimida/ole.  Tellon.  polyure- 
thane, and  i henyl  silane-matrix  composites,  but  that  which 
is  available  si  ggests  that  the  Tel  on  matrix  produces  moduli 
of  only  1,6  3 x 10*  lb  in  * witli  ,v,3  x 10*  1„  in  * and 

3.6  X 10*  lb  in  * for  the  polyurethane  and  phenyl  silane 
matrices,  respec'ively  The  polyben7iinid.vole  data  were 
obtained  with  a i8l/polybenrimida^ole  composite  * and 
are  noteworthy  ,vit  only  for  the  high  average  value  of 
4.38  X 10*  lb  in  * leveloped  at  77  K.  but  also  for  the 
indication  of  a substantial  increase  to  4,9  \ 1 0*  lb  in  * at 
20  K. 

As  witlt  the  ultimate  tensile  strength.  I ig.2  indicates  that  the 
moduli  become  eriatic  below  77  K Reference  to  I ig  5b 
shows  tliat,  wtth  the  exception  oi  a lew  ciossply  data,  tlic 
literature  indicates  that  cooling  from  295  K to  77  K will 
produce  a nu>dulus  increase  of  about  0..3  - 1 .2  x 10*  lb  in  * 
wfith  about  0.7  0.8  x 10*  lb  in  * being  most  likely.  There 
does  not  appear  to  be  a strong  dependence  on  lay-up. 

Results  of  fuither  cooling  to  20  K are  mote  dtlTicult  to 
interpret.  In  general,  the  data  seem  to  cluster  around  a 
small  increase  in  modulus  up  to  0 6 x 10*  lb  in  * for  doth 
reinforcemeni  and  suggests  that  a somewhat  larger  increase 
on  the  order  of  0.6 -U  x 10*  lb  in  * could  be  expected  for 
crosspty  and  uniaxial  compivsites.  Nevertheless,  the  scatter 
from  -0.8  x 10*  lb  in  * to  +3.2  x 10*  lb  in  * inodulns 
;hange  is  indicative  of  sometliing  erratic  occurring  below 

Again,  the  only  surprises  in  the  200  K data  of  Fig.2  are  the 
high  value  of  the  rnoduhis  of  the  ilexible  ptdyurethane 
Adiprene  l.-lOO  compared  to  the  loom  temperature  modu- 
lus and  the  almost  equally  large  increase  in  tne 
polyben/iniida/ole  data. 


Composite  flexure  strength  and  modulus 

Flexural  tests  are  fiequenlly  used  lor  screening  a large 
number  of  composites  during  development  studies,  as  such 
tests  are  simple  and  relatively  inexpensive  compared  to  ten- 
sile testing.  In  this  application,  tlexiire  tests  have  the  added 
advantage  of  testing  the  matrix  is  well  as  the  reinforcement 
fibre.  Unfortunately,  the  state  ol  stress  is  contintioiisly 
chang  ng  throughout  the  llexure  specimen  as  ihe  test  pro- 
ceeds, which  makes  engineering  interpretation  of  the  data 
difficult.  Consequently . data  on  flexural  strength  and 
moduli  are  generally  considered  valid  imlv  for  establishing 
relative  performance  tanking. 

Fig  3 shows  the  llexural  strengths  of  the  glass-epoxie.  lo  be 
higher  than  that  observed  in  tension  by  approximately 
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100  k lb  in'^  k lb  iir^  in  the  uniaxial  specimens  and  by  abo 
SO  in  the  0°/90*  or  cloth  lay-ups  (verified  by  comparison  of 
o'"  and  o'"  data  from  the  same  authors  testing  the  same 
composites.) 

As  in  the  tensile  results,  the  data  show  the  epoxy-matrix 
composites  to  be  superior  in  flexural  -.trength  at  all  tem- 
peratures, although  the  polyben^imida^ole-nlatrix  com- 
posites are  almost  as  giurd.  Among  the  other  niatiix  types, 
the  agreement  with  the  tensile  data  is  less  clear.  For  those 
composites  for  which  there  are  a reasonable  number  of  data, 
for  examples,  the  polyester,  phenolic,  and  Tellon-matrix 
types,  the  strength  order  is  the  same  at  77  K as  it  is  in 
tension,  however,  the  relative  strength  difference  bear  little 
relationship  to  the  tensile  data.  Tire  polymide  and  phenyl 
silane-matrix  eomposites  rank  near  the  top  in  flexural 
strength,  while  appearing  near  the  bottom  in  tension.  Con- 
versely, the  polyurethane-matrix  composite  appears  gcHnl  in 
flexure  but  poor  in  tension.  However,  as  the  data  (>n  the 
former  two  eomposites  are  based  on  only  one  or  two  refer- 
ences and  on  a comparison  between  composites  of  different 
authors,  caution  is  necessary  in  in'erpreting  the  results.  The 
polyurethane-matrix  data  does  reflect  the  same  comporite 
tested  both  ir.  tension  and  in  flexure.^ 

Within  the  uniaxial  data,  a separatton  has  been  made  between 
data  generated  from  flat  flexural  specimens  and  those  ob- 
tained from  eurved  segments  of  NOL  rings  because  flexural 
properties  obtained  from  each  type  of  specimen  are  distinctly 
different. 

Hxamining  the  available  flexural  stiength  data  in  more  de- 
tail, we  find  that  the  Hat-specimen  uniaxial  strength  of  the 
glass-epoxies  ranged  from  32$  470  k lb  in'^  at  77  K with 
the  hi^iest  values  reported  for  S-90I/E-787.'*  A value  of 
37Sklbln‘^  was  reported  for  S-901 /Resin  2*  The  NOL  speci- 
men data  were  significantly  lower,  ranging  from  200-  270 
lb  in'*  at  77  K.^  Rexural  strengths  varied  among  the 
0°/'K)’’  epoxy  data  from  145-260  k lb  in'*  at  77  K with 
the  highest  values  again  reported  in  S-*A)I  glass  using  either 
E-787  or  an  experimental  epoxy  formulation.*  Data  for 
the  cloth-reinforced  epoxies  showed  a spread  of  95  - 1 75 
klbiir*.  The  highest  values  were  obtained  with  I58I/E-787, 
with  almost  as  high  values  reported  for  181  glass  in  a varia- 
tion of  Epon  826  resin.*  These  were  the  same  composites 
for  which  high  tensile  values  were  reported. 

The  glass-phenolic  composites  ranged  from  70-1 10  k lb  iir* 
at  77  K.  The  highest  values  were  reported  for  1 8I/CTL-9I- 
LD. ' Glass-polybenzimidazole  data  relect  only  the  aver.-ige 
data  with  181  glass  reinforcement.*  The  glass-polyesters 
showed  a slightly  higher  range,  80  -127  k lb  in'*  with  the 
highest  value  reported  for  1 8 1 /I  let  ron  3 1 .*  Reported 
flexural  strengths  of  cloth-reinforced  Teflon-matrix  com- 
posites varied  from  30-  70  k lb  in'*,  the  highest  values 
being  developed  with  I8I/FEP.* 

Following  a pattern  which  is  found  to  repeat  itself  in  all 
strength  properties  of  glass-polymeric  composites,  the 
flexural  strengths  all  initially  increased  upon  cooling  from 
295  K to  77  K;  however,  they  then  changed  in  erratic  ways 
upon  additional  cooling  to  20  K.  Changes  in  flexural 
strength  during  cooling  as  reported  in  the  literature  are 
summarized  op  Fig.5c,  which  shows  that  the  expected 
strength  increase  from  295  K to  77  K is  about  50  80 
k lb  in'*  for  crossply  and  woven-cloth  lay-ups.  However, 
strength  increases  of  up  to  250  k lb  in  * have  been  reported 
for  uniaxial  composites,  suggesting  that  the  magnitude  of 
the  increase  is  lay-up  dependent  in  flexural  strength  testing. 


A comparison  of  Fig.Sc  with  that  of  5a  shows  a much 
greater  scatter  in  the  flexural  data  as  compared  to  tlic 
tensile  data  on  cooling  to  77  K. 

Upon  cooling  further  to  20  K,  Fig. 5c  indicates  that  one  may 
obtain  strength  changes  varying  from  50  k ib  in'*  to 
+1 50  k lb  in'*  with  a higiier  probability  of  a decrease  than 
an  increase.  Ttie  data  do  not  appear  to  be  lay-up  sensitive 
at  20  K. 

Tlie  flexural  modulus  data,  Fig.4,  sliow  a value  of  ahoni 
8.5  X 10*  Ib  in'*  for  uniaxial  glass-^po.xy.  This  is  lower 
tliaii  the  average  moduli  in  tension,  however,  these  data 
reflect  only  data  for  a flat  specimen  of  .S-901  /I  -787. ' 

A check  of  tlie  data  shows  i!iat  this  speciflc  coniposiie 
had  an  initial  tensile  modulus  of  only  about  8.8  \ 10* 

IF  in'*,  which  suggests  that  the  two  methods  are  giving  about 
the  same  answers  fur  the  nniaxial  case.  Ihc  same  is  true 
for  the  0°/90“  case,  about  .5  \ 10*  Ib  in  * being  obtained  in 
butli  the  flexural  and  tensile  modes  of  testing.  I he  clotii- 
itinfurced  polymer  flexural  modnins  data  range  of  2 3 \ 

10*  lb  in'*  to  about  5 x 10*  Ib  in'*  is  also  similar  to  that 
of  the  tensile  modulus. 

Except  for  the  Teflon-matrix  showing  tlie  lowest  modnins. 
the  silicone-matrix  showing  next  lowest,  and  the  polybcn/i- 
mida/ole  matrix  showing  one  of  tlie  hignest.  in  both  tests 
there  appears  to  be  little  correlation  between  the  relative 
modulus  ranking  in  flexure  and  in  tension  fur  the  same 
series  of  composite  types.  Tliis  is  not  a condemnation  cd 
the  flexural  test  ~ it  may  equally  well  indicate  tliat  average 
data  from  the  literature  cannot  be  used  to  predict  tensile 
behaviour  from  tlexnral  data  witJi  any  degree  of  reliabiliiy. 

Examining  the  flexural  modulus  data  in  more  detail,  we 
find  that  the  reported  0“/90°  crossply  glass-epoxy  data 


TempefOtu»e,  K 


Fig,4  Initial  tentile  modulus  of  glass-reinforced  composites 
1 - epoxy;  2 ~ polyurethane;  3 - phenolic;  4 - polyinnde; 

6 — polyester;  6 — silicone;  7 — phenyl  silane.  8 - Teflon; 

9 - polybeneimktaeole 
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ranged  frorn  4.6-5. 8 x 10*  lb  in^  at  77  K with  the  highest 
values  appearing  for  S-901/E-787.*  Among  the  cloth- 
reinforced  composites,  the  cpoxy-niatrix  data  varied  from 
2.6  5 X 10*  lb  in'*  with  mxximuni  values  reported  in 
181/Epon  828  ' and  in  181  glass  witli  modified  Lpon  828 
resin.* 

Tlic  phcnohc-matrix  data  encompassed  1.2  5.3  x 10* 
lb  in'*  at  77  K.  the  highest  values  being  reported  for  in 
Conolon  516.*'-**  The  silicone-matrix  type  composites 
showed  a relatively  small  spread  of  2.6  3.2x10*  lb  in'* 
at  77  K,  the  higliest  value  being  repoiied  for  181  glass/ 
Tievamo  F-131.*  Among  the  composites  for  which  fewer 
data  were  available,  a comparatively  higi;  flexural  modulus 
was  reported  by  Chamberlain,  et  al  * for  the  phenyl 
silane-matrix  composite  Nanneo  534.  Tliese  data  again  shov 
higli  moduli  al  all  temperatures  for  181/polybcn/iniida/olc 
composites.*  The  polyurethane  aud  polyimidc-mairix 
flexural  modulus  data  reflect  only  one  reference  each.**-* 
Again,  emiling  below  77  K causes  the  data  to  become  erratic. 
l-ig.5d  summaries  the  glass-epoxy  flexural  modulus  data  and 
shows  that,  while  on  tlic  average  one  would  expect  an  in- 
crease of  about  0.4  X 10*  lb  in  * on  cooling  to  77  K and  a 
like  increase  in  furtlicr  cooling  to  20  K.  one  may  find  changes 
ranging  from  - 0.8  to  ■t2  x 10*  lb  in  *.  The  data  suggest 
tliat  the  crossply  might  be  more  adversely  affected  by  cool- 
ing to  77  K tlian  the  cloth-reinforced  specimens;  however, 
tliere  are  not  sufficient  data  to  verify  tliis  indication. 
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Fiu.5  Hlnogram  illuiirtiing  changes  in  leniila  and  flexural 
propartiei  of  glau-apoxy  compoiilei  upon  cooling 


Compoaitt  comprauiaa  strength  and  modulus 

The  compressive  strength  data  discussed  herein  were  ob- 
tained by  compressing  in  the  fibre  direction  or,  in  the  case 
of  cloth-reinfurccd  materials,  in  the  plane  of  the  cloth.  As 
most  composites  aie  used  in  fairly  thin  sheet  form,  the  major 
problem  is  one  of  avoiding  failure  by  column  buckling  during 
the  test.  I’roblenis  are  further  accentuated  in  the  uniaxial 
longitudinal  case,  where  sliglit  misoricntation  of  tlie  fibres 
can  substantially  leducc  the  compressive  strength. 

One  ob»erves  frixn  !■  ig.6  that  the  average  of  tlic  data  report- 
ed in  the  literature  for  the  compressive  strength  of  uniaxial 
glass-epo.xy  composites  is  less  than  half  of  the  ultimate  ten- 
sile strength  average  fur  the  same  type  composites.  Yet, 
tlie  0°/90°  cunipiessivc  stiengtii  is  but  slightly  lower  than 
lensilc  strength,  while  the  cloth-reinfurccd  data  span 
about  tlie  same  range  in  compression  and  in  tension.  Con- 
sideration should  tiius  be  given  to  the  possibility  that  the 
uniaxial  data,  '.,nd  to  a lesser  extent  the  U°/90°  data,  arc 
tower  than  the  true  value  due  to  testing  problems. 

Among  the  cloth-reinforced  polymers,  the  epoxy-mairix 
composites  continue  to  show  superiority  over  all  others. 

Once  again,  as  in  the  tensile  case,  the  polyurethane-matrix 
materials  indicate  a remarkable  transformation  from  an 
extremely  low  strength  at  295  K to  one  of  the  strongest  of 
the  group  at  77  K.  The  glass-phenolics  continue  their  reason- 
ably good  performance  previously  noted  in  the  tensile 
results.  The  glass-pulyben/iinidvolc  appears  to  rank  about 
average  in  compressive  strength,  similar  to  its  performance 
in  tension.  Tlie  glass-phenyl  silanes  appear  to  rank  somewhat 
better  in  compression  'ban  in  tension,  although  few  data  are 
available.  The  glass-polyesters  appear  to  have  relatively  low 
compressive  strengths,  although  they  were  ranked  among  the 
top  in  tension,  finally,  the  Teflon  and  silicone-matrix 
composites  display  consistently  the  lowest  compressive 
strengths  of  all  materials  surveyed. 

Considering  the  uniaxial  compressive  strength  data  in  more 
detail,  we  found  the  reported  data  at  77  K to  vary  widely 
from  100-240  k lb  in  * with  about  equal  scatter  at  the 
other  temperature.s.  This  is  almost  twice  the  percentage 
variation  found  in  the  uniaxial  tensile  data  even  though  the 
latter  data  were  much  more  extensive.  This  large  scatter 
very  likely  reflects  the  aforementioned  problems  inherent 
in  compression  testing.  The  highest  value  reported  at  77  K 
for  uniaxial  compression  was  237  klb  in'*  in  S-901/E-787.* 

The  0“/90°  data  showed  much  less  scatter,  ranging  from 
106  130  k lb  in  * at  77  K,  the  highest  value  reported  in 
bia.xially  filamem-wound  S-901  glass  in  DER  332  epoxy.* 

Among  the  glass-reinforced  composites,  the  epoxy-matrix 
data  varied  from  90-138  k lb  in  * ?t  77  K with  the  highest 
value  reported  for  a modified  18l/i:pon  828  composite.* 
Class-phenolic  properties  covered  a range  of  60  - 100  k lb  in'* 
at  77  K,  distinctly  lo  ver  than  those  of  the  tpoxies.  Tlie 
highest  value  was  reported  for  181  /Narmco  506. ' The 
pol;  ester-matrix  composites  were  by  comparison,  still 
another  notch  down  Iii5trengthwitha35-^8klbin'*  showing 
at  77  K,  the  highest  compressive  strengths  being  reported 
for  181  glass  with  lletron  31  oi  Narmco  527  resin.*  The 
19  40  1.  lb  in'*  range  of  the  gla.ss-silicones  and  the  25-40 
k lb  in'*  range  of  the  glass-Teflons  at  77  K leaves  lit  e doubt 
of  the  weakness  of  the  latter  composite  types  in  compies- 
sioii.  The  data  f ■ir  polyiiietliane,  polybeii/imida/ole,  and 
phenyl  silane-matrix  composites  reflect  the  work  of 
Chamberlain  et  al.* 
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As  with  leniile  and  flexural  properties,  cooling  below  77  K 
proAioes  someudut  erratic  results  in  compression.  The 
200  K data  appear  to  be  in  line  except  for  the  glass-Teflon 
compoaite  for  which  cooling  to  200  K had  no  appait.it 
effect. 

No  uniaxial  or  0°/90°  data  were  available  at  cryogenic 
temperatures  for  compressive  moduli.  In  Uieory,  compres- 
sive modulus  of  any  perfectly  elastic  bud>  stioiild  erjual 
the  tensile  modulus.  Thus,  we  find  that  the  average  values 
among  the  cloth-reinforced  polymers  which  appear  in 
Fig.7  bear  a striking  resemblance  to  the  tensile  modulus 
data.  Again,  the  phenulic-matnx  composites  had  highest 
values  with  the  epoxy-matrix  next  highest.  Tellon-matrices 
were  clearly  the  weakest  with  the  polyurethanes  starting 
out  equally  low  in  modulus  but  again  rapidly  increasing  its 
value  to  the  middle  of  the  group.  Tire  silicone-matrices 
were  again  on  the  low  modulus  side.  The  only  significant 
chatige  from  the  tensile  modulus  ranking  is  the  somewhat 
lower  value  of  the  polyester  and  polybenzunidarole- 
matiix  composites  in  compression. 

The  phenolic  composites  tanged  liom  4 8.4  x lO*  lb  in  * 
in  compression  modulus  at  77  K,  maximum  value  being 
reported  lor  18I/CTL-9I-LD. ' Tlie  glass-epoxy  data  sliowcd 
much  less  scatter  at  77  K ranging  from  4 5.1 5 x lO*  lb  in 
The  higliest  reported  value  for  181  glass/modified  F.pon  82f> 
composite.^  The  plienyl  silane  and  polyurethane  data 
reflects  only  the  values  for  Narinco  5.M  and  181/Adiprene 
L-lOO,  respectively.^  Somewhat  mote  compressive  moduli 
data  were  available  lor  glass-polyester  composites,  values 
ranging  from  2.5  4.5  x 10*  lb  in'^  at  77  K with  higliest 
values  for  181/Polyesler  C.®*  The  silicones  not  oidy  aver- 
aged about  like  the  polyesters  but  had  about  the  same 
spread  in  77  K values  at  2.3  4.b  x 10*  lb  itr^.  The  data  on 


Temperoture.  K 

Fig.7  Compreutve  modulus  of  glpss-feinfurced  composites 
1 ~ epoKv;  2 - polyurethane:  3 - phenolto.  4 - polytmioe. 
6 - polyester;  6 - silicone.  7 - phenyl  silane.  8 — Teflon; 

9 - polybeniimidazole 


gla^s-TcIlon  and  glaM-polybcua  miida/ole  Luinpu^ites  were 
piovided  b>  rhanibeilain  ct  al.^  In  amttaM  to  its  Iciisdc 
modulus  behaviour,  the  181  glas\polybcri/imida/ole  uun- 
poMic  allows  a sjiari>  decline  tn  boili  compteviive  siieiigth 
and  miHiulus  on  cuuhng  from  ^^5  k to  77  K.  Tuts  is 
suggestive  ol  e.xperuncntal  errors. 


CtNiiposite  interlaminar  shear  strength 

Interlaminar  sliear  strength  is  a properly  unique  to  com- 
posites; it  is  liie  resistance  to  :»tieaiutg  in  the  plane  ol  Uie 
fibre  reinforcement.  It  is  believed  lo  strongl>  affect 
structural  integni).  particularly  in  comprossion  loading 
like  die  llexural  lest,  the  results  of  intuianiinat  shear  tests 
evaluate  several  composite  paiaiiiciers.  including  resin 
strength,  lesin-fibrc  bond  strcngtii.  lilaincnt  distribution, 
and  matrix  porosity.  .As  such,  mtotlaminar  shear  joins  the 
flexure  test  in  hemg  a valuable  indic  Jtion  of  overall  com- 
posite quality  but  providing  little  da»a  directly  uselul  in 
enguiecriiig  caJculattons  Its  most  valuable  application  may 
well  be  in  quality  control  uuriiig  konip>oMie  manufacture. 

Nevertheless,  it  is  of  iiiieresi  to  coiisidei  the  publislied 
values  for  interlaminar  shear,  il  foi  other  reason  tlun 
toc«>mparc  Uu*  results  obtained  ssnh  the  ditferent  metliiHis. 
Inteilaimnai  shear  is  umuIK  measured  eiihei  hy  the  guiJU>* 
Hue  melJuxI  m which  inicrtamihar  shcai  is  forced  h>  the 
imposition  of  opposing  hut  tiflsel  uits  m a Hat  tensile 
specimen,  or  by  a dimensional  im*dilKaMoii  of  the  Hat 
tlexural  specimen  so  a-s  Jo  l«)rce  failure  by  shear  on  the 
central  layers  o!  the  coinposiic  Isliort-heani  sliear)  Ol  the 
iwo  methods,  the  iattt  is  most  widely  used,  t ulortunalely 
the  results  ithiained  hy  die  two  methods  are  not  eoiupar- 
ahle.  the  short-beam  icM  usually  yielding  values  higlier  than 
tliat  ot  the  guillotine.  Iheoveiaii  situation  is  made  still 
more  complex  by  the  undeisiaiidaldc  desire  ol  some  m- 
vestigators  to  obtain  interlammar  sheai  data  from  filament- 
wound  comp<»Mtes  piepared  by  the  NOl  ring  metlnxl  iif 
wliich  case  ihv*  llexural  ineiluHl  must  be  u.sc  1 with  a short 
section  of  the  ring.  Because  the  sjx'wuncn  is  not  flat,  the 


(Ref  I.23.3>.3445j66) 
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Fig.6  Ultimate  comprestive  Mrengih  of  giMs-remforced  ci 
1 - epory;  2 - polyurethane.  3 - ithenOic.  4 putyimide 
5 - polyester;  6 — silcune;  7 — phenyl  iilene.  6 - Teflon. 
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results  are  not  comparable  to  either  of  the  above  methods. 

It  Is  for  this  reason  that  the  interlaminar  data  appearing  on 
Fit,.S  luve  been  separated  according  to  the  various  test 
methods. 

The  largest  discrepancy  is  observed  for  the  uniaxial  com- 
posites, the  values  obtained  by  the  NOL  short-beam  method 
being  much  hi)  her  than  those  in  convention^  short-beam  or 
guillotine  metlnds.  It  is  obvious  from  Fig.8  that  one  must 
be  very  cautious  in  comparing  interlaminar  shear  values 
published  in  tlie  literature.  In  interpre’.ing  these  kind  of 
data,  it  is  also  r ecessary  to  take  into  consideration  that  the 
very  high  vain  js  developed  In  the  NOL  short-beam  test  may 
also  reflect  t’re  generally  lower  void  content  in  fllament- 
wound  coir.posites  as  compared  to  vacuum-bagged  or 
autoclave-cured  flat  lay-ups. 

In  the  case  of  crossply  or  cloth  laminates,  only  the  conven- 
tions' short-beam  flexure  test  or  the  guillotine  test  may  be 
used.  Fig.8  shows  that  the  results  of  these  two  test  methods 
are  In  reasonably  close  agreement  for  the  0“/90‘’  crossply 
lay-u;  ',  while  the  cioth-reinforced  composites  s!;ow  lower 
values  for  the  guillotine  as  compared  to  the  short-beam 
test  mode.  The  same  is  true  for  the  uniaxial  lay-ups  tested 
by  these  two  methods. 

The  variety  of  test  methods  used  and  die  variety  of  differ- 
ent epoxy  matrices  which  have  been  evaluated  make  it  al- 
most an  exercise  in  futility  to  attempt  to  identify  those 
composite  types  which  have  the  highest  values  of  inter- 
laminar shear.  The  S-90I/E-787  composite  reported  by 
Toth  et  al  ^ at  14.7  k lb  in'*  (77  K)  in  short-beam  flexure 
has  shear  strength  almost  as  high  as  those  reported  for  the 
NOL  sho.-t-beam  test.  The  same  composite  also  developed 
high  values  of  interlaminar  shear  when  tested  by  the  same 
author  In  a 0“/90“  biaxially-fllament-wound  lay-up.  Other 
composites  which  appeared  to  have  relatively  high  values 
of  iiiterlaivunar  shear  among  their  group  were  S-901  glass 
in  an  experimental  resin  Epon  826/Empol  I040/Z-6077/ 
DSA/fiDMA  * In  NOL  short-beam  and  a 0'’/90“  lay-up  of 
Hi-Stren  glass  in  Epon  828/LP-3/Cure  agent  D resin  in 
conventional  short-beam  shear.^  The  data  indicate  that 
Resin  2 provides  somewhat  lower  interlaminar  shear 
strength  than  does  E-787;  for  example,  Soffer  * reports  a 
value  of  9.3  k lb  in'*  for  S-901 /Resin  2 in  short-beam  shear 
of  flat  specimens  at  77  K and  14.1  k ib  in  * for  the  same 
composite  in  NOL  short-beam  shear. 

Ignoring  the  NOL  flexure  data,  one  observes  on  Fig.8  that 
the  interlaminar  shear  values  are  the  highest  for  the  cloth- 
reinforced  composites  and  lowest  for  the  0"/90"  cross- 
plies  with  the  uniaxial  lay-ups  in  between.  The  relatively 
high  values  for  the  cloth  composites  probably  reflect  the 
added  shear  resistance  provided  by  the  convolutions  in  tlie 
woven  glass  cloth.  By  similar  reasoning,  the  uniaxial  com- 
posites may  develop  higher  interlaminar  strengths  than  the 
0 /90  crosspiies  simply  because  the  former  provides  no 
distinct  lamella  along  which  shear  can  propagate. 

Again,  in  a repetition  bordering  on  monotonous,  the  inter- 
laminar shear  strength  is  found  to  become  erratic  upon  cod- 
ing from  77  K to  20  K,  while  the  200  K properties  appear 
to  be  as  expected. 

Composita  ultimata  tansila  strain 

In  view  of  the  high  strength  of  the  glass-polymeric  compos- 
ites coupled  with  their  relatively  bw  mc^ulus  and  absence 
of  significant  plastic  flow  at  rupture,  it  might  be  expected 


Flfl.9  Ultimata  tantila  strain  of  gtat-apoxy  composites 


that  the  strains  accommodated  at  fracture  would  be  some- 
what larger  than  those  of  the  higher-modulus  advanced 
composites.  This  is  substantiated  by  Fig.9  on  which  it  is 
seen  that  ultimate  tensile  strains  are  in  the  iO'*  range  for 
glass  reinforcement  while,  as  we  shall  see  in  Lie  second  pan 
of  this  review,  similar  data  for  the  advanced  composites  are 
in  the  10^  ranije. 

This  relatively  high  fracture  strain  is,  of  course,  a direct 
reflection  of  the  high  fracture  strain  of  the  glass  reinforce- 
ment. This  has  some  Interesting  consequences  because, 
while  the  fracture  strain  of  some  polymeric  matrix  materials 
may  approach  that  of  glass  at  295  K,  the  ductility  of  almost 
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all  polymers  tails  drastikally  upon  cooling  to  cryogenic 
temperatures  with  the  result  that  at  low  temperatures,  frac- 
turing the  matrix  occurs  well  before  fracture  of  the  glass 
fibres.*  A dramatic  example  of  this  phenomenon  is  found 
during  proof  testing  of  filament-wound  p essure  vessels 
wliere  the  cracking  of  the  polymeric  matrix  is  very  audible. 
It  is  surprising  that,  at  least  in  the  case  of  hydrostatically 
loaded  pressure  vessels,  such  rupturing  of  the  matrix  does 
not  decrease  the  overall  rupture  strengtii  of  the  tanks  and 
may  even  produce  an  increase.  One  must  emphasize,  how- 
ever tliat  this  does  not  imply  that  fracturing  of  the  matrix  is 
always  acceptable  or  that  it  may  be  tolerated  in  other 
structures. 

Fig.9  indicates  that  at  295  K,  the  average  fracture  strain  will 
be  similar  for  unaxial,  0°/90“  and  woven-cloth  glass-epoxy 
composites,  the  strains  being  on  the  order  of  3.2  x 10  ^. 

On  cocliitg.  hov/ever,  marked  differences  develop  between 
the  lay-up  types.  Ultimate  tensile  strains  in  the  uniaxial 
composites  (tested  in  the  longitudinal  direction)  decreased 
upon  cooling  to  77  K while  cooling  the  0°/90°  and  clotli 
lay-ups  resulted  in  increased  fracture  strain.  Detailed  exa- 
mination of  the  data  sliows  tliis  to  be  a true  behaviour,  as 
five  of  the  six  composiies  forming  the  uniaxial  data  showed 
the  decline  (the  exception  being  S-901  /E-787  •*)  whUe  all 
eiglii  of  the  0 /90  and  all  tlirec  ol  the  cloth  composite 
types  showed  substantial  increases  upon  cooling  to  77  K. 

Again,  considering  77  K as  a relerence  temperature,  die 
uniaxial  data  were  found  to  range  from  1 .9  -5.3  x 10  the 
highest  being  the  previously  noted  work  of  Toth  et  al.^’  The 
data  of  Toih  is  somewliat  suspect,  as  it  is  the  only  data 
reporting  an  increase  in  tensile  strain  upon  cooling. 

•\mong  the  0°/90°  crossply  data,  values  showed  a relatively 
narmw  spread  of  3.2  -4.5  x 10'2,  the  S-901 /E-787  composite 
again  showing  the  Ihghest  fracture  strain.^  A value  of 
4.3  X 10  2 was  reported  for  Resin  2.s  Cloth-reinforced  data 
ranged  from  3.5-5  x I0'2,  the  highest  ultimate  tensile 
stain  being  reported  for  1581/E- 787.-’ 

Data  on  strain  to  fracture  at  cryogenic  temperatures  are  rare 
for  other  than  the  epoxy-matrix  types.  Kerlin  et  al 
have  reported  a fracture  strain  of  2.75  \ iO'2  for  a Seleciron 
5003  glass-cloth  polyester  composite  al  the  same  temper- 
ature. Also,  Totli  el  al  ■*  liave  reported  5.3  x 10'2  fora 
crossply  glass-polyester  composite  Seleciron  5003. 


Static  fatigue  of  composites 

Under  sustained  room  leiiiperatiin  loaJing,  glass  filaments 
liuve  been  found  to  deteriorate  and  fracture  when  subiecled 
to  stresses  substantially  below  that  of  their  normal  uliimalc 
tensile  strength.  As  such,  ilie  failure  is  analogous  to  stress 
corrosion  in  metals.  Some  published  data  indicate  that 
glass-filameni-wounJ  pressure  vessels  may  undergo  similar 
deterioration,’''  allliougli  sotne  indicaiior  lias  also  been 
obtained  that  static  fatigue  ol  glass-reinforced  composites 
may  pose  less  ol  a problem  at  cryogenic  ten-peralure  than  at 
295  K.**  Static  laiigui-  will  be  an  important  factor  in  any 
composite  used  in  superconducting  motors  and  generators 
and,  in  view  of  the  minimal  data  presently  available,  fur- 
ther studies  are  needed  tc  clarify  the  magnitude  of  the 
problem  and  to  select  formulations  providing  utmost  resis- 
tance to  such  failure  at  cryogenic  temperatures.  T.T.  Oiiao 
of  the  Lawrence  Livermore  Laboratories  is  currently  dir- 


ecting an  extensive  static  fatigue  progranime  at  room  tem- 
perature on  dead-weiglit  loaded  filamenis  coated  with 
resin.  As  thit  latter  method  tests  a basic  structural  element 
of  the  composite  and  pennils  many  specimens  to  be  run 
concomitantly,  it  should  provide  a useful  and  relatively 
inexpensive  method  of  evaluating  static  fatigue  at  cryogenic 
temperatures. 


Composite  bearing  yield  strength 

Hearing  yield  strength  is  a test  designed  to  deternmic  bear- 
ing stress  as  a function  of  the  deformation  of  a hole  through 
the  composite.  The  load  is  applied  by  a pin  inserted  into 
.he  hole.  The  intent  of  the  test  is  to  provide  information  on 
the  stress  that  may  be  sustained  across  riveted  or  bolted 
joints  wiiho„-  loosening  the  Joint.  Bearing  yield  strength  Is 
defined  as  that  stress  on  the  stress-stiain  curve  which  corres- 
ponds to  a distance  of  4%  of  the  bearing  hole  diameter  when 
measured  from  the  intersection  of  aline  tangent  to  ihe 
stre.>s-sirain  curve  at  this  point  and  the  zero  load  axis  (see 
insert.  Fig.  10). 

Bearing  yield  strcnj’ihs  for  a series  if  epoxy-matrix  com- 
posites have  been  .eported  by  Toth  et  al  ■'  while  Chamber- 
lain et  al  2 have  provided  data  on  silicone,  polyurethane, 
and  phenyl  silane-matrix  composites.  These  data  are 
summarized  on  Fig.  10. 

The  glass-epoxy  composites  developed  beating  yield 
strengtlis  which  increased  from  about  50  k lb  in  2 at 

75  k lb  in  2 at  77-20  K Ihe  uniaxial  and 
0 /90  data  were  very  similar,  while  the  cloth-reinforced 
epoxies  were  lower  at  295  K and  at  200  K but  increased 
their  strength  to  equal  that  of  the  others  at  77  K. 

Data  on  the  otlier  matrix  types  were  only  available  for  cloUi 
reinforcements.  The  phenyl  silane  composite  developed  a 
bearing  strength  equal  to  that  of  the  epoxies,  while  the 
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silicone  and  polyurethane-niatrix  materials  were  distinctly 
inferior. 

Again,  there  is  Indication  of  erratic  behaviour  on  cooling 
from  77  K to  20  K. 

Cyclic  fatigue  of  composites 

Cyclic  fatigue  of  glass-reinforced  compuiites  at  cryogenic 
temperatures  has  been  studied  by  Brink  et  al  ' and  by 
Chamberlain  et  al  ^ in  tension  and  by  Fontana  et  al  ^ 
using  a reciprocating  beam.  Lavengood  and  Anderson 
have  contributed  data  on  torsional  fatigue.  The  data  are 
not  extensive,  reflecting  the  very  high  cost  of  generating 
complete  S-N  curves  at  cryogenic  temperatures.  Yet.  such 
testing  is  mandatory  to  provide  assurance  that  composite 
components  will  fulfill  their  life  expectance  in  such  applic- 
ations as  rotating  cryogenic  machinery.  Every  effort  must 
therefore  be  made  to  restrict  such  testing  to  composites 
which  have  the  best  chance  of  developing  superior  fatigue 
properties.  The  data  reviewed  herein  provide  some  sense 
of  direction;  however,  there  remains  an  urgent  need  for 
some  type  of  relatively  ii^expensive  screening  test  which 
will  permit  relative  ranking  of  composite  cyclic  fatigue 
performance  at  cryogenic  temperatures. 

In  comparison  to  that  of  the  advanced  composites  or  to 
many  conventional  alloys,  the  dynamic  fatigue  properties 
of  glass-reinforced  composites  are  relatively  poor.  This  is 
primarily  due  to  the  fatigue  behaviour  of  ^as>p  Mymeric 
materials  being  controlled  by  the  properties  of  the  matrix. 
Even  at  room  temperature,  the  strain  accommodation  of 
the  most  epoxy  resins  is  less  than  that  of  the  glass  reinforce- 
ment, and  as  it  is  the  latter  which  controls  the  ultimate 
strength  of  the  composite,  cracking  of  the  matrix  will  occur 
at  ultimate  loads  far  below  the  composite  ultimate  strength, 
allowing  corrodents  to  attack  the  glass.  In  crossply  lay-ups, 
such  cracking  may  occur  at  stress  levels  as  iow  as  20%  of  the 
ultimate  composite  strength. 

Lavengood  has  pointed  out  that  since  fatigue  life  of  a glass- 
reinforced  composite  is  related  to  the  strain  capability  of 
the  matrix,  embrittling  of  the  matrix  due  to  lowering  of  the 
temperature  shoul(|  lower  the  fatigue  life.  However,  this  is 
not  always  experimentally  verified.  Based  on  an  analysis 
of  experimental  torsional  fatigue  data,  Lavengood  concluded 
mat  fatigue  life  at  cryogenic  temperatures  Is  strongly  affect- 
ed by  the  composite  interfacial  stress  which  arises  due  to 
differential  thermal  contractions  of  the  filament  and  the 
matrix.  Cooling  a composite  increases  the  compressive 
forces  at  the  interface  and  improves  fatigue  life.  Where 
fatigue  strains  serve  to  increase  the  compressive  interfacial 
stresses,  the  fatigue  life  may  further  increase,  the  reverse 
being  true  when  strains  decrease  the  interfacial  stress. 

The  published  tensile-fatigue  data  of  Brink  ' and 
Chamberlain  ^ and  their  co-workers  were,  with  one  excep- 
tion, obtained  on  I8i  cloth-reinforced  composites.  As  an 
initial  criteria,  composites  were  screened  by  testing  at  30% 
of  their  ultimate  tensile  strength  developed  at  295  K and 
77  K.  Those  composites  failing  to  achieve  1 0*  cycles  were 
dropped  while  those  which  were  successful  were  further 
tested  at  200  K and  20  K.  The  conventional  polyester- 
matrix  composites  i8l/Hetron  92,  i8*/Hetron  H-31, 181/ 
paraplex  P-43,  and  i8i/Narmco  527  were  unsuccessful  as 
was  the  silicone-matrix  composite  i8l/Trevarno  F-I3I. 

It  is  beyond  the  scope  of  the  present  task  to  comprehensive- 
ly review  the«e  data  for  which  the  reader  may  refer  to  the 


original  references.  However,  in  order  to  provided  the  reader 
with  a sense  of  the  fatigue  performance  of  glass-polymeric 
composites,  we  have  prepared  Fig.  I i from  the  data  of 
Brink  ' and  Chamberlain.^  This  figure  presents  Tie  fatigue 
strength  of  the  various  successful  materials  as  a function  of 
temperature  after  iO^  fatigue  cycles,  the  maximum  studied 
in  this  work.  It  !s  also  instructive  to  know  the  percent  of 
the  relevant  ultimate  strength  retained  by  each  composite 
type  at  each  temperature  after  iO^  cycles;  consequently, 
these  data  also  appear  on  Fig.  I i. 

Fig.i  i shows  that  the  absolute  magnitude  cf  the  stress  re- 
quired to  induce  fatigue  failure  at  iO^  cycles  generally  in- 
creases with  decreasing  temperature  for  all  materials  studied, 
only  the  high-temperature  polyesters  (Laminae  4232  and 
Vibrin  135)  and  peihaps  the  silicones  (Nar.nco  513  and 
Trevarno  F-130)  not  showing  an  appreciable  increase  below 
200  K.  At  all  temperatures,  these  data  show  tha,  the  poly- 
benzimidazole composite  demonstrated  comparatively  super- 
ior fatigue  performance  both  in  terms  of  absolute  retained 
tensile  strength  after  10^  cycles  and  In  the  percentage  of  the 
original  strength  retained.  The  epoxies  also  looked  compar- 
atively good,  but  primarily  because  of  their  somewhat  higher 
initial  strength  - their  percentage  retention  of  strength  was 
among  the  lowest  of  the  gr  )up.  The  highest  values  were 
reported  for  Epon  P28/.13DS.*  The  polyurethane,  phenyl 
silane,  and  phenolL-matriii  composites  appeared  to  group 
into  an  intermediate  performance  class  while  the  polyester, 
silicone,  and  Teflon-matrix  composites  showed  distinctly 
lower  fatigue  properties.  Data  at  77  K only  were  availaole 
for  a Scotchply  !(X)2  uniaxial  glass-epoxy  composite,^ 
which  Fig.  i I shows  to  have  a much  higher  strengtli  after 
10*  fatigue  cycles  at  77  K than  any  of  the  cloth-reinforced 
types;  nevertheless,  even  this  composite  showed  retention 
of  only  about  52%  of  its  original  strength  at  that  temperature. 

Does  the  data  indicate  the  existence  of  a stress  limit  below 
which  fatigue  life  is  essentially  infinite?  In  most  cases,  test- 
ing was  not  carried  out  to  a sufficiently  large  number  of 
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cycles  to  answer  this  question.  However,  judging  from  the 
shapes  of  the  .S-A' curves  developed  with  181/Epon  1001 
by  Brink,'  it  appears  that  this  glass-epoxy  formulation  may 
reach  such  a limit  at  about  30  k lb  in"^  for  temperatures  be- 
low 77  K ("“  30%  UTS).  Conversely,  the  curve  for  the 
181/Epon  828  composite  showed  no  indication  of  flattening 
out  at  10‘  cycles.  With  the  possible  exception  of  the 
s'licone-resin  composites,  181/Namico  513  and  1 ?)  I /Trevarno 
F I 30,  there  was  no  evidence  that  cooling  the  composites 
had  any  effect  on  establishment  cf  a fatigue  limit  where 
none  was  evident  in  the  room  tem[>erature  data. 

Again,  one  notices  an  apparent  tendency  for  the  data  to 
become  er  .atic  when  cooling  from  77  K to  20  K. 


Impact  strength  and  fracture  toughness  of  composites 

Impact  strength  and  its  more  sopliisticated  partner,  fracture 
toughness,  are  measures  of  the  amount  of  energy  which  can 
be  stored  in  a structure  before  the  ene.gy  is  released  by 
fracture.  As  it  is  only  in  recent  years  that  fracture  mech- 
anics has  been  put  on  solid  theoretical  grounds  and  exploited 
ill  homogeneous  metals,  it  is  not  strange  to  find  that  applic- 
ation of  parallel  concepts  to  composites  is  still  in  Its  infancy. 
Furthermore,  there  is  a major  problem  in  applying  basic 
principles  of  fracture  ineclianics  to  composites  where,  in 
most  cases,  multiple  cracking  occurs  so  that  a unique  ‘crack 
length'  cannot  be  defined. 

Measurement  of  the  energy  required  to  fracture  specimens, 
tlie  impact  test,  is  the  most  simple  method  of  obtaining 
data  on  relative  material  'oughncss.  Such  tests  show  the 
glass-reinforced  composites  to  have  much  greater  touglmess 
than  do  the  advanced  composites,  probably  reflecting  tlie 
much  largci  stiain-accommodation  of  glass  filaments  in 
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Fig. 12  Thermal  contraction  of  glaas-fibra  rain'orcad  compoailai 


comparison  to  the  advanced  fibre  reinforcements.  Unfort- 
unately, the  literature  contains  few  low  lemper.iture  data 
even  on  this  simple  parameter  and  those  which  are  available 
are  impossible  to  systematize  due  to  differing  test  methods, 
specimen  design,  and  filament  orientation.  Lewis  and  Bush  * 
have  evaluated  a series  of  epoxies  and  modified  epoxies 
reinforced  with  Hi-Stren  glass  using  the  Izod  impact  method. 
For  unidirectional  composites,  they  find  the  295  K Inif  act 
strength  to  vary  from  32-128  ft  'b‘'  of  notch.  On  cooling 
to  77  K,  the  measured  values  ranged  from  67-162  ft  11  in  ', 
some  fomiulations  showing  45%  increase  in  impact  strength, 
while  others  showed  as  much  as  a 26%  decline.  A 0°/90° 
crossply  test  with  the  same  composite  fouiiulations  yielded 
room  temperature  impact  strengths  from  49-96  ft  lb  in"' 
and  77  K values  of  59-76  ft  lb  iir'  with  strength  changes 
ranging  from  +36%  to  —26%,  no  consistent  behaviour 
being  shown  by  any  specific  composite  fonnulatioii.  Data 
published  by  other  authors,  '".*>0.!'"  'ov.iio  equally 
con''using.  Perhaps  pai  t of  the  answer  is  provided  by 
Lev  n who  followed  the  diange  In  impact  strengtii  of 
glass-phei.olie  and  glass-epoxy  specimens  at  closely  Spaced 
intervals  fruni  295  K to  77  K and  found  that  the  impact 
properties  peaked  shatply  at  about  30°C  lollowed  by  a 
rapid  decline  at  lower  temperatures.  If  the  impact  proper- 
ties are  indeed  such  a rapidly  changing  function  of  temper- 
ature, it  might  account  i^or  the  lack  ot  systematic  change 
noted  in  data  taken  only  at  two  or  tliree  temperatures. 
Clearly,  this  is  an  area  which  must  be  given  more  attention 
in  the  future  if  composite  behaviour  at  cryogenic  temper- 
atures is  to  be  understood  well. 


Thermal  properties 

Thermal  contraction  of  composites 

All  of  tl.e  glass-reinforced  polymers  contract  when  cooled. 
As  we  wish  to  review  the  behaviour  of  such  composites  on 
cooling  from  295  K.  the  data  have  been  plotted  as  thermal 
contraction,  avoiding  negative  values  of  A/.//. 

Thermal  contraction  is  very  dependent  on  the  type  of  com- 
posite lay-up  as  well  as  on  the  orientation  of  the  composite. 
Figs  12  and  13,  therefore,  present  data  on  values  obtained 
normal  and  parallel  to  the  fibre  reinforcement  for  uniaxial, 
0790°  crc^sply  and  cloth  lay-ups.  Other  factors  affecting 
thermal  contraction  are  the  specific  resin  used  and  the  com- 
posite fibre  density. 

Tlie  thermal  contraction  is  always  found  to  be  higlier  in  a 
direction  normal  to  the  fibres  than  in  the  fibre  plane,  the 
difference  increasing  as  the  temperature  is  lowered.  This 
reflects  the  much  higher  hernial  contraction  of  the  polymer 
as  compared  to  the  glass  reiirforceriient.  TIus  is  very  eviderri 
in  the  data  for  uniaxial  epoxy-matrix  composiies,  where  at 
20  K the  thermal  contraction  normal  to  the  fibres  varies 
from  about  2.5  to  5 times  that  i.i  the  libie  direction  at  20  K. 
An  apparent  anomaly  appears  in  the  0°/90°  crossply  data, 
which  shows  a remarkably  small  difference  in  contraciion 
between  tliese  two  directions.  Tliis  occurs  because,  in  u 
filament-wound  crossply  composite,  each  layer  of  glass  is 
in  close  proximity  to  tlie  ortliogonal  layer  next  to  it  and 
thus  provides  resistance  to  dimensional  change  in  tlie  tluck- 
ness  direction.  This  effect  is  much  less  evidcni  in  lire  clotli 
lay-ups  because  the  latter  arc  prepared  by  rnetliods  which 
produce  a much  lower  filament  density  than  is  obtained  in 
filament  winding. 
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1 - apoxy***'®*;  2 - polyurathana®*,  3 - phenolic*^;  6 - phenyl 
1$  - T«flon  TFE'^;  7b  - '5«flon  FEP“; 

8 - polybtnzimidiiole** 


As  the  thermal  contraction  of  the  composite  is  dominated 
by  the  properties  of  the  polymeric  matrix  on  cooling,  one 
might  anticipate  considerable  variation  in  contraction  even 
within  a given  matrix  type,  reflecting,  for  example,  the 
effect  of  additives  to  epoxy  ieslns.  This  Is  found  to  be  true; 
for  example,  the  ^/L  data  for  epoxy  matrix  composites 
varied  from  20-75  x 10^  in  the  thickness  direction  and 
from  4.4-1 1.5  x 1 O'*  in  the  fibre  direction.  In  the  0”/90° 
lay-ups,  the  epoxy  composites  showed  variations  of 
5.1  -13.8  X lO"*  in  thickness  and  9.2-13  x lO"*  In  the 
fibre  direction.  The  polyester  resins  gave  similar  data  spread 
in  the  0°/90°  lay-ups. 

A much  greater  variation  is  observed  in  the  thermal  contrac- 
tion among  cloth-reinforced  composites,  reflecting  both  the 
larger  variety  of  matrix  materials  for  which  data  are  available 
and  the  greater  vanation  in  fabrication  method.  Ihe  glass- 
Teflon  composites  have  the  highest  thermal  contractions  of 
all  the  maie  ials  examined.  Furthermore,  the  Teflon  matrix 
may  be  either  of  the  TFE  or  FEP  type  which  have  markedly 
differing  thermal  contraction  characteristics.  This  difference 
does  not  appreciably  affect  contraction  in  the  fibre  plane  due 
to  the  restraint  provided  by  the  fibres.  However,  the  differ- 
ence is  marked  in  the  direction  normal  to  the  fibres.  As 
indicated  by  the  dashed  curves  7a  and  7b  on  Fig.  13,  the 
TFE-matrix  composites  have  twice  the  transverse  thermal 
contraction  of  the  FEP-matrix  types. 

The  epoxy  and  the  polyurethane-matrix  composites  also 
have  relatively  high  thermal  contractions.  Unfortunately, 
no  data  were  available  in  the  fibre  normal  directions  for 
these  composites.  The  data  indicate  that  the  polyester-matrix 


composites  are  next  in  decreasing  order  of  thermal  contrac- 
tion, with  the  fibre  normal  data  being  approximately  2.8 
times  greater  than  In  the  fibre  plane.  Showing  the  least  ther- 
mal expansion  in  the  fibre  plane  are  the  phenolic,  silicone, 
phenyl  silane,  and  polybenzimidazole-matrix  composites. 

Of  these,  the  phenolic  composite  data  appear  to  be  abnor- 
mally high  for  the  fibre  normal  case,  since,  if  all  else  were 
equal,  the  order  in  ihe  fibre  normal  direction  should  follow 
that  in  the  fibre  plane. 

All  of  the  polymeric  matrices  create  compressive  stresses  ii. 
the  glass  reinforcement  upon  cooling  to  cryogenic  temper- 
atures, such  stresses  being  added  to  those  already  existing 
from  cooling  from  the  cure  temperature  to  room  temper- 
ature. This  is  primarily  inamfested  as  shear  stress  at  tlie 
resin-fibre  interface,  so  t ^at  it  might  be  expected  that  u.i 
effect  would  be  seen  on  those  strength  properties  which 
are  sensitive  to  deh  jndmg  of  the  matrix-glass  interface.  One 
such  property  is  fi.tigue,  and  from  Fig.l  I,  it  is  noted  that 
the  fatigue  properties  of  the  Teflon-riiatrix  composites  arc 
poor,  <"hile  that  for  the  polybenzimidazole  is  good,  consis- 
tent witii  the  respectively  high  and  low  thermal  expansion 
of  these  two  composite  types.  A sli.-rilar  relationship  holds 
for  tfie  flexural  strength,  Fig.3.  Interlacial  residual  stress  is 
but  one  of  the  factors  influencing  fibre  debonding,  others 
being  the  ability  of  the  interface  to  sustain  a shear  load  and 
the  strength  of  the  natrix  itself. 


Spaeific  heat  of  composites 

The  specific  heats  of  glass-reinforced  composites  show  an 
almost  linear  dependence  on  temperature  from  29  j K to 
77  K,  and  relatively  small  difference  between  niatiix  types. 
The  specific  heats  are  relatively  high  compared  to  nost 
metals,  being  roughly  comparable  to  that  of  aluminium  but 
substantially  above  that  of  titanium,  iron,  or  copper.  Teflon 
and  polyester-matrix  composites  have  the  highest  specific 
heat.  The  epoxy,  polybenzimiduzole,  silicone,  and  phenolic- 
matrix  composites  are  bunched  on  the  lower  specific  heat 
side  of  the  group.  The  phenyl  silane-matrix  composite  seems 
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to  liavc  a sliglitly  larger  temperature  depemlcitec.  starting 
out  in  the  middle  of  the  group  at  2^)5  k,  but  showing  the 
lowest  specific  heat  at  77  K. 

Tlic  data  rellcet  the  work  of  Campbell  et  al  •*■'*  with  ihc 
sole  exception  of  the  phenyl  formaldehyde  euntrlbulion  of 
Luikov.'’^  I xeept  for  the  epoxies,  the  data  reflect  only  one 
composite  for  each  type  of  matrix.  The  epoxy  data  reflect 
the  average  of  three  compositions:  a unidirectional  and  a 
erossply  YM-31-A/ULR-332  and  a unidirectional  S-W4/ 
I.-787  eoniposiie.  The  spread  in  specific  heat  values  for 
these  three  formulations  at  2'IS  K.  200  K,  and  77  K was 
8.16  9.21,6.07  6.7,  and  2.09  2.72  x I0-2  J g-' K 
respectisely,  with  the  higliest  value  asssK-iated  witli  the 
S-994't-787  composite. 


Thermal  conductivity  of  composites 

lliermal  conductivity  is  also  ui  important  parameter  in 
cryogenic  design.  Unloitunately,  impioper  experimental 
technique  invalidates  some  of  the  data  in  the  literature; 
primarily,  failure  to  piopcrly  compensate  for  radiation 
losses,  which  can  introduce  errors  approaching  100  2007; 
III  the  higlier  temperature  ranges.  Figs  15  and  16  presents 
what  the  author  believes  to  be  valid  data. 

As  with  thermal  contraction,  conductivity  is  dep  ;ndent  on 
the  type  of  lay-up  and  on  the  orientation  of  the  composite. 
Figs  1 5 and  16  therefore  present  data  on  values  obtained 
normal  to  the  fibre  reinforcement  (thickness  direction)  and 
in  ihe  plane  of  the  'einforeeinent  for  uniaxial,  0°/90“ 
erossply  and  for  woven-glass  cloth  lay-ups.  Also,  as  with 
contraction,  the  thermal  conductivities  are  affected  by  the 
type  of  matrix  resin,  necessitating  a difieientiation  on  this 
basis  in  the  figures. 
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Unlike  the  other  thenna!  properties  of  composites,  llie 
Iheimal  conductivity  is  affected  by  the  ambient  atmosphere 
in  which  the  measurement  is  made,  that  is  it  differs  in 
helium,  nitrogen,  or  in  vacuum.  Tlie  literature  indicates  tint, 
compared  to  values  obtained  in  helium,  data  taken  in  nitro- 
gen will  average  7%  lower,  while  in  a vacuum  the  data  will, 
on  Ihe  average,  be  lowered  20%.  Campbell  et  al  suggests 
■ at  Ihc  lower  value  in  vacuum  prunarily  rellecls  the  diffi- 
culty of  obtaining  good  contact  between  the  composite 
specimen  and  Ihe  mating  parts  of  the  thermal  conductivity 
apparatus  when  operating  in  a vacuum.  An  ambient  atmos- 
phere of  nitrogen  or  helium  increases  the  measured  con- 
ductivity by  reducing  the  contract  resistance;  however, 
diffusion  of  the  gas  (particularly  of  helium)  into  pores  with- 
in Ihe  composite  also  contributes  to  an  increase  as  the  gas 
provides  an  overall  iinprovemeiit  in  the  thennal  paih  within 
tile  composite.  Tliis  explanation  is  consistent  witli  the 
effect  of  diltercnl  ambient  atmospheres  being  observed 
over  Ihe  entire  20  295  k temperature  range.  The  present 
autlior  believes,  however,  that  consideration  should  also  be 
given  lo  Ihe  el  led  of  matrix  cracking  at  very  low  temper- 
atures which  should  act  to  increase  the  dilTerencc  between 
values  measured  in  Ihe  various  ambient  media.  The  data 
appearing  in  Figs  15  and  16  are  averages  of  data  taken  in  all 
tliree  media. 

Tile  difference  between  Ihe  fibre  nomial  and  the  in-plane 
conductivities  for  a give.n  composite  and  the  absolute  spread 
of  conductivity  values  among  tbe  various  composite  classes 
is  widest  al  room  temperature,  converging  as  the  temper- 
ature is  lowered,  consistent  with  a theoretic  .1  /.eio  value  for 
conductivity  at  absolute  zero  temperature.  The  conduc- 
tivity at  20  K Varies  from  30  50%  of  that  at  room  temper- 
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F19.I6  Thermal  coriducitvily  of  giass-cioth  rDlnlorced  composifos 
1 — epoxief,  phrnolics.  3 — poiv^sters.  4 — silicones; 

5 " phenyl  sitancs,  6 Teflons.  7 — polyben^imida/oles 
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ature  for  most  of  the  composites.  Exceptions  are  the  cloth- 
reinforced  silicones,  curve  4,  Fig.  16,  in  which  tiie  20  K value 
was  only  IS%  of  that  at  295  K and  the  cloth-reinforced 
Teflon,  cur.'e  6,  Fig.  16,  for  which  the  20  K value  was  re- 
ported to  be  70»%  of  the  295  K value,  both  of  these  excep- 
tions being  for  the  fibre  normal  direction. 

Fig.  i 5 contains  data  for  uniaxial  and  0‘’/90‘’  epoxy  lay-ups 
and  for  a 0‘l90'‘  silicone-matrix  lay-up.  The  highest  ther- 
mal conductivity  was  for  the  filament-wound  uniaxial 
epoxy  composite  in  the  plane  of  the  fibre.  This  is  to  be 
expected  from  the  high  density  of  continuous  glass  fibres 
in  that  direction.  The  conductivity  in  the  fibre  normal 
din  ction  is  25-50%  less,  reflecting  the  lower  thermal  con- 
ducJvity  of  the  matrix.  Thermal  conductivity  in  the  fibre 
plane  of  the  0“/90“  epoxy  lay-up  is  only  about  80%  of  that 
for  the  uniaxial  composite,  reflecting  the  lower  effective 
fibre  density  in  the  d/rection  of  the  heat  flow. 

Fig.  15  shows  ti.e  P'/^O"  silicone-matrix  composite  to  have 
a substantially  lower  in-p!ane  conductivity  than  the  0‘‘/90‘' 
epoxy  lay-up.  This  does  not  imply  that  the  conductivity  of 
the  silicone  matrix  is  less  than  that  of  the  epoxy ; Indeed, 
the  marked  similarity  between  the  fibre  normal  data  for  both 
polymeric  matrices  indicates  that  the  matrix  conductivity  Is 
very  similar  In  both  materials.  The  difference  reflects  the 
rela'.lvely  inferior  heat  transfer  properties  of  glass  roving 
(fibre  bundles)  which  was  used  for  Uie  siHcone-matrix  com- 
posite as  compared  to  the  continuous  filament  used  w.th 
the  epoxy. 

Among  the  cloth-reinforced  composites,  the  highest  thermal 
conductivity  was  found  foi  the  sUicone-matrlx  composites. 
Only  fibre  normal  data  were  available;  however,  even  in  this 
least  conducting  orientation,  the  conductivity  exceeded  that 
of  all  the  other  materials  in  tlieir  more  favourable  in-plarie 
direction.  The  polyben^jmidazole  composite  was  next 
lowest,  and  in  decreasing  order  were  the  epoxies,  phenolics, 
and  phenyl  silanes,  ali  with  approximately  equal  conductivi- 
ties, both  in-plane  and  plane  normal.  The  lowest  conduc- 
tivities were  evidenced  by  the  polyesters  and  the  Teflons. 

The  only  composites  for  which  there  was  more  than  one 
literature  reference  were  the  epoxies.  For  the  latter,  the 
data  spread  was  found  to  be  much  greater  for  the  in-plane 
conductivity  than  for  the  plane  normal,  as  would  be  ex- 
pected In  view  of  the  relatively  high  conductivity  of  the 
fibres  compared  to  the  matrix.  As  an  example,  the  data 
which  averaged  0.50  W m'*  K’*  for  the  295  K cloth-rein- 
forced epoxy  ranged  from  0.30  to  0.65  W m’*  K’* , while 
the  plane  normal  data  for  the  identical  composites  average 
0.35  W m * K * but  ranged  from  0.30  to  0.40  W m ' K ' . 

The  scatter  decreased  significantly  at  lower  temperatures. 


Comments  on  gless-reinforced  composites 

We  have  reviewed  the  properties  of  filamentary -glass  rein- 
forced composites  at  cryogenic  temperatures  in  order  to 
provide  the  reader  with  an  overaii  feel  for  their  behaviour 
and  the  magnitude  of  the  properties  which  may  be  expected. 
Having  tliis  information,  fur  what  applications  should  glass- 
reinforced  composites  be  used?  What  composite  formulation 
should  be  selected? 

It  would  appear  that  glass-reinforced  composites  are  most 
useful  in  applications  requiring  high  tensile  strength  com- 
bined with  high  toughness  and  low  thermal  conductivity, 
but  where  stiffness  is  not  required  and  where  cyclic  fatigue 


Is  not  a major  problem.  In  such  applications,  gla<s-rein- 
forced  composites  have  given  and  will  continue  to  give 
excellent  performance  at  relatively  low  cost.  Filament- 
winding techniques  should  be  used  whenever  possible  in 
oiier  to  obtain  the  highest  quality  composites;  in  particular, 
the  lowest  "oid  content. 

Resin  2 is  unique  in  that  it  was  developed  specifically  by 
NASA  for  use  in  glass-reinforced  composites  at  cryogenic 
temperatures.  This  resin  was  lound  by  Suffer  and  Molho  ^ 
to  be  the  overall  choice  a.mong  4 1 candidate  resins,  using  the 
criteria  of  composite  and  fibre  tensile  strength,  composite 
tensile  modulus,  ultimate  tensile  strain,  thermal  shuck  resis- 
tance, coefficient  of  linear  thermal  contraction,  and  inter- 
laminar shear  strength  as  well  as  favourable  processing  char- 
acteristics. For  this  reason,  as  well  as  on  the  basis  of  the 
successful  use  of  this  resin  in  the  cryogenic  industry,  the 
NASA  2 formulation  must  be  considered  as  a prime  candi- 
date for  general  cryogenic  use.  The  reader  is  cautioned, 
however,  that  the  piasticizers  used  in  this  resin  cause  the 
i«in  to  become  weak  at  the  elevated  temperatures  required 
for  vacuum  degassing  of  a composite  assembly.  Components 
made  with  this  resin  must  be  adequately  supported  during 
this  operation. 

Early  in  their  investigation  of  cryogenic  resins,  Suffer  and 
Molho  * rejected  the  Polaris  (b-787,  58-68R)  formulation 
because  its  glass-transition  temperature  of  over  1 i5°C  sug- 
gested brittleness  at  cryogenic  temperatures.  However, 
available  data  show  that  this  resin  formulation  is  capable  of 
producing  composite  mechanical  properties  equal  to  those 
with  Resin  2 at  crypgenic  temperatures,  at  least  for  certain 
iilament  orientations.  This  suggests  that  low  temperature 
ductility  and  thermal  shock  resistance  may  not  always  be  of 
primary  significartce  in  selecting  a resin  for  cryogenic  applic- 
ations. Nevertheless,  the  reader  is  cautioned  that  inadequate 
data  exist  on  degradation  of  composite  properties  during 
fatigue  at  cryogenic  temjjeratures,  and  the  effects  of  repeated 
thermal  cycling  are  not  well  understood.  Ductility  may  well 
play  an  important  role  under  the  latter  circumstances.  In 
the  absence  of  further  experimental  data,cri'>cal  composite 
components  subjected  to  dynamic  loads  or  lo  cyclic  ther- 
mal stresses  under  service  coiviitions  should  be  tested  under 
simulated  operational  conditions,  regardless  of  the  selected 
matrix  resin. 

The  present  review  is  restricted  to  those  composites  for  which 
cryogenic  property  data  are  available  in  the  liteiature.  The 
contemporary  purchaser  of  composite  components  may 
find  other  types  of  polymeric  matrices  recommended  by 
various  fabricators  for  use  at  cryogenic  temperatures.  The 
present  review  should  not  be  construed  as  prejudicial  to  any 
such  recommendation.  The  purchaser  should,  however,  as- 
certain that  any  such  recommendation  is  supported  by  ade- 
quate experimental  or  service  data  at  the  temperature  of 
interest. 

An  unexpected  result  of  the  present  review  is  the  surpris- 
ingly good  overall  performance  of  the  glass-polybenzimi- 
dazole types.  Available  data  indicate  that  at  77  K,  such  a 
composite  ranks  second  only  to  the  epoxies  in  ultimate  ten- 
sile strength  and  in  flexural  strength,  while  developing  tensile 
and  flexural  moduli  superior  to  that  of  the  epoxies.  Com- 
pressive properties  appear  only  average;  however,  the  data 
indicate  that  the  polybenzimidazole-matrix  composite  with- 
stands cyclic  faiiguc  stresses  with  less  strength  loss  than  is  the 
case  for  the  other  reported  matrix  materials,  particularly  In 
regard  to  the  percent  of  original  ultimate  strength  retained 
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after  fatigue  cycling.  A key  may  be  the  comparatively  low 
thermal  contraction  of  the  poly  benzimidazole  resin  as  com- 
pared to  the  other  polymer  types  which  si’ould  reduce  re- 
sidual interfacial  stresses  between  the  fibre  and  the  matrix  of 
the  composite. 

A pervasive  characteristic  of  glass-polymeric  composites  is 
tne  erratic  behaviour  of  the  mechanical  properties  on  cooling 
from  77  20  K.  With  few  exceptions,  the  strength  proper- 
ties increase  on  cooling  from  295-77  K;  however,  on 
further  cooling  to  20  K,  the  data  indicate  that  such  pro- 
perties may  eiilier  increase,  decrease,  or  remain  unchanged, 
the  behaviour  being  quite  unpredictable,  even  among 
composites  of  ilie  same  -nairix  type,  it  is  difficult  to  attri- 
bute this  Simply  to  the  matrix  becoming  suddenly  much 
moie  brittle  between  77  K and  20  K,  as  cooling  to  77  K 
has  already  decreased  the  strain  capability  of  the  matrices 
to  a level  far  below  that  of  the  glass  reinforcement.  The 
present  task  docs  not  permit  more  than  a cursory  consid- 
eration of  the  possible  factors  involved  in  this  phenomena; 
however,  the  author  believes  it  relevant  to  call  attention  to 
recent  studies  on  the  low  temperature  properties  of  poly- 
mers whicli  have  provided  convincing  evidence  that,  in  at 
least  the  linear  polymers  ol  tlie  polycarbonate  (PC)  and 
polyethelene  terepilialate  (PIT)  types,  tlie  media  in  which 
tlie  low  temperature  test  is  conducted  can  strongly  affect 
the  fracture  mode  and  tlie  resultant  meclianical  properties 
measured  for  the  polymer.' The  experimental 
evidence  indicates  that  tlie  failure  in  such  polymers  in  the 
cryogenic  range  is  controlled  by  a crazing  phenomena  which, 
in  turn,  is  related  to  tlic  activity  of  the  gas  or  liquid  in  con- 
tact witli  tlie  polymer  surface.  Sucli  studies  have  not  been 
extended  to  ilic  strongly  cross-linked  polymers;  however, 
until  proved  otlierwise,  it  must  be  considered  a possibility 
that  the  mechanical  properties  of  glass-polymeric  composites 
may  be  inlluenced  by  the  ambient  media  such  that  data 
obtained  at  20  K or  77  K in  liquid  hydrogen  or  nitrogen 
may  not  be  the  same  as  those  which  would  be  obtained  in 
a helium  atmosphere. 

This  review  suggests  that  the  following  work  would  be  of 
value  in  implementing  expanded  use  of  glass-reinforced 
composites  for  demanding  cryogenic  structural  applications 
iuch  as  ’vould  be  encountered  in  superconducting 
machirzry. 


1 . The  reason  for  the  erratic  mechanical  property  be- 
haviour in  polymeric-matrix  composites  below  77  K must 
be  ascertained.  In  particular,  it  is  imperative  to  determine 
whether  or  not  the  type  of  cryogen  in  which  tests  ate  con- 
ducted has  a significant  effect  on  the  mechanical 
properties. 

2.  Material  research  and  evaluation  must  be  directed 
toward  obtaining  the  type  of  basic  composite  cryogenic 
property  data  which  will  be  of  most  value  to  the  design 
engineer.  Contemporary  composite  theory  requires  full 
mechanical  characterization  of  a uniaxial  lamella  of  the 
composite  of  interest,  that  is,  an  experimental  determin- 
ation of  the  strength  amd  moduli  values  are  required  for 
the  prediction  of  limiting  property  values  in  complex 
crossply  lay-ups.  Accurate  tensile  and  compression  data 
are  required  in  the  longitudinal  and  transverse  modes 
plus  accurate  values  for  intralaminar  shear  Even  at  room 
temperature,  tensile  and  compression  testing  in  the  rein- 
forcement direction  has  proved  difficult  to  perform  with 
acceptable  accuracy.  Testing  problems  will  be  further  com- 


plicated at  cryogenic  temperatures,  however,  these  problems 
must  be  solved. 

3.  Having  come  to  terms  with  the  problems  posed  in  I 
and  2,  the  static  mechanical  property  data  and  the  thermal 
property  data  for  the  best  of  the  glass-reinforced  compos- 
ites must  be  extended  down  to  4 K.  Available  data  suggest 
that  the  major  characteiization  effort  should  be  made  on  S 
glass  in  a NASA  Resin  2 matrix.  S glass  thould  be  charac- 
terized in  the  Polaris  formulation  as  well,  but  with  emphasis 
on  it'  potential  special  use  as  uniaxial  fdament-wound 
cryogenic  support  members.  All  test  materials  must  be 
fully  characterized  for  resin/fibre  density,  void  content,  and 
fibre  alignment  before  mechanical  or  thermal  investigation. 

4.  Data  on  the  performance  of  composites  under  dynamic 
loading  conditions  at  cryogenic  temperatures  arc  minimal  , 
to  non-existent.  Yet,  these  type  of  data  ate  mandatory  if 
composites  a.'e  to  be  used  in  cryogenic  machinery.  The 
available  data  are  encouraging  in  that  they  suggest  diat 
fatigue  performance  at  cryogenic  temperatures  is  generally 
superior  to  that  at  room  temperature.  However,  this  will 
have  to  be  more  fully  documented.  As  liigli-cycle  fatigue 
testing  at  4 K is  very  expensive,  the  materials  included  in 
such  a testing  programme  must  be  carefully  selected.  For 
this  purpose,  it  would  be  very  desirable  to  have  an  efficient 
screening  type  of  test  capable  of  correlating  incipient 
damage  with  expected  fatigue  life.  Data  on  therniiil  fatigue 
are  also  required,  that  is,  the  effect  of  repeated  cool-downs 
on  both  the  static  and  dynamic  properties  of  composites 
must  b*  determined. 

The  auth  wishes  to  thank  Dr  R.  I*.  Reed  for  lii.s  coiisulta- 
tiot.  and  for  review  of  the  completed  manuscrip'..  The 
author  also  wishes  to  express  appreciation  to  the  NBS- 
NOAA  library  staff  of  the  Boulder  Laboratories  for  their 
assistance  in  retrieving  the  many  documents  required  for 
this  work.  This  research  was  supported  by  the  Advanced 
Reseirch  Projects  Agency. 


Appendix 

Tlie  following  materials  are  referred  to  in  this  report.  [The 
trade  names  used  in  this  paper  are  those  used  by  the  cited 
authors.  Ge.neric  names  have  been  subsiituted  whenever 
it  was  possible  to  do  so  vdthout  sacnfidtig  clarity.  Tli':  use 
of  trade  names  in  no  way  implies  approval,  endorsenietit  or 
.'ecommendation  of  specific  cummercial  products  by  NB.S,  j 
Glass  fibres 


S-HTS.S-901,  1 581, 
I8i,  YM-3I-A 
Ih-liien 

Epoxy  resins 

Epon822,828,  1031. 

58  -68  R 
E-787 
ERL  2256 
660  FW 
DER  332 

Phenolic  reiim 
CTL-9I-LD 


Owens-Cornitig  (ilass  Company 
Aerojet  General  Corporatton 


Shell  Chemical  Corp,  Plastics 
& Resin  Div 

US  Polymeric  Corjioration 
Uiiioti  I aibije  Plastics  Coitipatty 
Stratoglas  D'v,  Air  iaigisttcs  Corp 
Dow  Chemical  Corporation 


Cincinnati  Testing  Labotatoties, 
Div  ol  Studchaker-Packaid 
Corp 
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Conolon  506, 507 

Phenyl  silane  resins 
Nirmco  534 

Polyester  resins 
Narmco  527 

Hetron  3 1 , 92 

Polyeiier  C 
Paraplex  P43 
Laminae  4232 
Vibrin  135 

Silicone  resins 

Trmmo  F-130, 
F-131 

Narmco  513 


Narmco  Maierials  Div,  Telecom- 
puting Corp 

Narmco  Materials  Div, 
Telecomputing  Corp 

Narmco  Materials  Div,  Telecom- 
• putingCorp 
Durez  Plastics  Div  Hcoker 
Chemical  Corp 
US  Polymerir  Corp 
Rohm  and  Haas  Corp 
American  Cyanimid  Corp 
Naugatuck  ^emical  Co,  Div  of 
US  Rubber  Corp 


Coast  Manufacturing  Company 

Narmco  Materials  Div, 
Telecomputing  Corp 


Polyurethane  resins 
Adiorene  L-lOO 

Polyberuimidazole  resins 
Imidite 


E.  1.  DuPont  Corporation 


Narmco  Division,  Whittaker  Corp 


nexibiliiers,  coupling  agents,  and  hardners 
Empol  1040  Emery  Industries,  Inc 


LP-3  Thiokol  Chemical  Corp 

UfPl  Dow  Chemii'.ai  Corporation 

ZZL-0870  Union  Carbide  Plastics  Company 

hUscellaneovs  mjtetials 

Cure  Agend  D polyamine  salt 
DDS  diaminodiphenyl  sulphone 

DSA  dodecenyl  succinic  anhydride 

BDMA  benzyldimethylamine 

NMA  nadic  methyl  anhydride 

TFE  polytetrafluoroethylene 

FEP  polytetrafluoroethylene  copolymer  with 

hexafluoro  propalene 
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1-1.3,2-22,  2-2.2 
40,57,97 

2 2.2 

2-2,2 

1-1.3.2, 
3-3  2. 

3 4,  3.5,57 

1-13,  2, 
2 2,  57 

1-1.3,2-2  2, 
57,83,93,97 

2-2.2,  80 

1-1  3,2-22,  2-2.2 
57 

2-2.2 

2-2  2 

1-1.3.2 

1-1.3,  2 

1-1.3,  2 

1-13,2  2 

2 

1-13,2, 
2.2, 3-3.2, 
3.4,3.5. 
24.  57.  66 

1-1. 3,2, 2.2. 
3-3.5.34,57 

1-13.2-2.2, 

57,82,97 

2-2.2,80 

1-1.3, 2-2.2,  2-2.2 
24,57 

2-2.2.57 

2-2.2,  24 

1, 1.2,1  3, 
2,  2.2,57 

1-1.3, 2, 2.2 
57.  66 

1-1.3,  2-2.2, 
57,82,97 

2-2.2,  80 

1-1. 3. 2-2.2,  2-2.2 
57 

2-2.2 

2-2.2 

3-3  2,3.4, 
3.5,4,4.1, 
5.5.1,22, 
47.  71 

3-3.5 

1. 1.3.2, 2.1, 
2.2,66, 70. 
99 

1-1.3.2-2.2, 
34.  70 

1-1  3,  2-2.2 

1-13,2  2 

2 

2 

2-2.2,3,3.2, 
3.4,  3.5 

2 2 

2 

2 

4.71,103  62,109  71,97  80 

3.4  1,14,16-3,14,16-16.3  14,16-16.3,  14,16-16.3  14.16-16.3, 

16  3,21.23  - 90  49  24,73  90 

25,38,4256 
61,63,90,114 


\UL  3,5,14,16,  3,14,16-16.3  14,16-16.3,  14,16-163,  14,16-16.3,  5,85,91  14  16-163  16  162 

16  2,16  3,28,  26,27.50  67  ' 

69,85,91,  111 

100,101,104, 

114 


15,16,16  2 15,16-16.3  15,16-16.3,  15,16-16  3 15,16-16  3 

16  3,24,114  64  24 


15,16-16  3,  16-16.3,24 


* includes  fracture  toughness 

* polybenrimidazole 
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Biblopgraphy  — Property  Cross  Referertce  (Cont'd) 


Graphite  — 

Boron  — 

Boron  — 

PRD-49 

Property 

Epoxy 

Epoxy 

Aluminum 

Epoxy 

Miscellaneous  Composites 

o'“ 

8,9,10,10.2, 

13,  20,  22, 

13,  13.3 

29,  44,  59, 

13,13.2,  32, 

47,  53,  58, 

60 

Glass-Pniyimide  o'“  (24,  67,  68),  of“(89). 

47,  51,  58 

81 

0^(12.1,89),  At/t  (67) 

E'^ 

8,9,10,10.1, 

13,  81 

13,  13.3 

44,  59,  60 

Glass-Melamine  o'“(65),  e'(65),  X(90) 

13,  51 

Glass-Viton  (;'“(68) 

e' 

13 

20 

13 

Glass-Phenyl  Formaldehyde  o'(1 10),  X (72), 

o'“ 

8,10,10.1, 

58 

(72) 

11,  12, 13, 

SiOyEpoxy  o'“(31),  M/L  (23) 

13.2,  58 

Graphit^Aluminiun  o'“  (thermal  cycling  effects 

8,  10.1 

6-6.2) 

o*“ 

13 

13,  13.3 

Graphite-Polyimide  o*“(13),  o^“(11,  12.1,  13), 

13 

13,  81 

13,  13.3 

o'*  (13),  M/L  .36) 

o“ 

8,9,10,10.1, 

13,  22,  47, 

13,  13.3 

59,  60 

Graphite-Phenolic  X (14,  16-16.3),  AE/Z. 

10.2,12,13, 

58,81 

(14,  16- -16.3) 

13.2,  47,  58 

Steel-Aluminium  0"^  (7,7.1),e‘  (7.1),  o'  (7,7.V 

fj' 

45 

20 

Steel-Epoxy  o«“  (2,  30),  £'  (2,  30),  o'“  (2),  £'  (2), 

o‘>' 

13,  13.3 

o«“  (2),£'  (2;,/)'  (2) 

ol* 

Q in  0 

Boron/Steel-Aluminum  c'“,  £',  o*“,  £', 

Boron/Titanium-Aluminum  o*’>',  AE/E,  C„, 

X 

13,17,  (8, 

13,38,63, 

(13, 13.3),  0“ 

38 

81 

e',  n'  (13) 

iJ./L 

10,12,13.2, 

13 

13,  13.3 

59,60 

Potassium  Titanate-Epoxy  X (16),  Cp  (16) 

17,18,36,51, 

52,84,88 

Cp 

13 

13 

13, 13.3 

Pressu-a  Vessel  Applications 

* Includn  fracture  tou(hncai 


J 


Mitcellineous  Properties 

Njtch  Tensile  Strength  Glass-Epoxy  (3—3.2,  3.4,  3.5,  43, 46) 

Vepor  PermeabHitY  Glass-Epoxy  (28) 

Modulus  o(  Rigidity  Glats-Epoxy  (53),  Glass-Teflon  (80), 
8oron-Epoxy  (53) 

Poissons  Ratio  Glass-Epoxy  (53),  Soron-Epoxy  (53) 

Proportional  Limit  in  Tettsion  Glass-Epoxy  (55,  56),  Glass- 
Polyester  (1-1.3,  55,  50) 

Static  Fatigue  Glass-Epoxy  (66,  99),  PRD  49— Epoxy  (44) 

Environmental  Effects  Glass-Epoxy  (4—4.1),  G aphite-Epoxy  (13, 
13.2,  17,  58) , 8oron-Epoxy  (13,  58),  Boron-Aluminium  (13,  36) 
PRD  49-Epoxy  (44) 

Electric^  Resistivity  Graphite-Epoxy  (13),  Boron  Epoxy  (13) 

Thermo-Optical  Effects  Graphite-Epoxy  (13,  84),  Boron-Epoxy  (13) 

Density  Glass-Epoxy,  Polyester,  Phenolic,  Silicone,  Phenyl  Silane 
(14,  57),  Glass-Teflon  (14),  Glass-Poly  benzimidazole  (16), 
Graphite-Epoxy  (9, 13),  Graphite-Phenolic  (14),  Graphite- 
Polyimide  (12.1) 

Radiation  Effects  (13.2,  33,  37,  40,  51,  52,  64,  65,  75,  W,  112, 

113) 

Cryogen  CompatabiUty  (33) 


Glass-Filament 

(19,  20,  39,  42,  46-48,  53,  67,  69,  76,  77, 
91,92,  95,96,98-100,  104-108,  113) 

Gra^  hite-Filament 

(8,  10,  10.1,45,47,  100) 

Boron-Filament 
(20, 47,  53,  78) 

PRD  49-Filament 
(59,  60) 


J 


J 


U 
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Appendix  in:  M.  B.  Kasen,’'P^ope^tie^  of  Filamentary-Reinforced  Composites 
at  Cryogenic  Temperatures,"  Composite  Reliability.  ASH-I  STP 
580,  American  Society  for  Testing  and  Materials,  1975  (to  be 
published) . 
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FIG.  9—Unlajaal  imavtnr  ultimate  tt.isUe  strentths,  e".  of  ateaeKei  eampcaltet  at 
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ppendix  IV:  R.  E.  Schramm  and  ri.  B.  Kasen,  "Static  Tensile  Properties  of  Boron 

Aluminum  and  Boron-Epoxy  Composites  at  Cryogenic  Temperatures," 
Paper  T3,  Cryogenic  Engineering  Conference,  Kingston,  Ontario, 

July  22-25,  1975  (to  be  published). 
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STATIC  TENSILE  PROPERTIES  OF  BORON-ALUMINUM  AND 
BORON-EPOXY  COMPOSITES  AT  CRYOGENIC  TEMPERATURES* 


o 
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R.  E.  Schramm  and  M.  B.  Kasen 

Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  8P302 

ABSTRACT 

State-of-the-art  boron-aluminum  and  boron-epoxy  composites  have  been 
mechanically  characterized  at  295,  76,  and  4 K.  Static  tensile  properties 
Include  elastic  and  shear  moduli,  Poisson's  ratio,  yield  and  ultimate  strengths, 
and  elongation.  The  data  are  In  a form  useful  In  strength  or  stiffness  limiting 
predictions  of  complex  crossply  components  using  macromechanical  composite 
theory.  Both  composite  types  performed  well  at  cryogenic  temperatures. 
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cryogenics;  static  mechanical  properties. 
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STATIC  TENSILE  PROPERTIES  OF  BORON-ALUMINUM  AND 
BORON-EPOXY  CWffOSITES  AT  CRYOGENIC  TEMPERATURES 


i 


R.  E.  Schrasm  and  M.  B.  Kasen 
INTRODUCTION 

The  Advanced  Research  ProJecti<  Agency  is  currently  supporting  research  to 
characterize  the  properties  of  various  structural  materials  at  liquid  helium 
temperature.  The  objective  is  to  obtain  design  data  for  superconduccing  motors 
and  generators.  Fiber-reinforced  polymer -matrix  composites  are  included  in  this 
program  because  their  low  A/E  and  X/o  ratios  suggest  the  possibility  of  sub- 
stantial savings  in  refrigeration  cost  compared  to  metal  construction.  An 
a.l  aminum-matrix  composite  is  also  included  because  the  very  high  o/p  and  E/p 
ratios  of  this  electrically-conductive  material  euggpsts  potential  applications 
in  components  such  as  the  eddy-current  damper  shield. 

A comprehensive  survey  fl,2]  suggested  that  the  boron-reinforced  composites 
require  the  least  optlmlzatlcn  for  cryogenic  service,  as  their  room  temperature 
mechanical  properties  are  relatively  unaffected  by  cooling  to  76  K.  We  therefore 
selected  boron-epoxy  and  boron-aluminum  composites'  as  the  initial  materials  to 
be  characterized.  The  static  tensile  mechanical  properties  at  295,  76  and  4 K 
of  these  materials  are  reported  in  this  paper. 

Macromechanical  composite  theories  use  key  mechanical  properties  obtained 
from  tensile,  compressive,  and  shear  tests  on  uniaxial  laminates  to  predict 
strength  and  stiffness-limiting  properties  of  complex  crossply  composites  [3,4]. 
The  key  properties  are  the  elastic  constants,  ^22’  ^12’  ^12' 

associated  strength  parameters,  and  Some  analyses  require  additional 

parameters,  £22*  and  '^■^2'  notation  refers  to  the  composite  axes 

defined  in  Fig.  1.  A complete  characterization  requires  evaluation  of 
compressive  as  well  as  tensile  properties. 

Materials  and  test  methods 

Table  1 lists  the  materials  studied  in  this  program.  All  panels  were 
obtained  from  commercial  sources.  Composite  void  content  has  not  yet  been 
determined;  however,  radiography  failed  to  reveal  any  voids.  The  average  ply 
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thickness  w&s  0.017  cm  (0.0067  in)  for  each  material.  The  composite  panels 
contained  nominally  48Z  by  volume  5.6  mil  boron  fiber.  The  6061  aluminum 
alloy  matrix  was  in  the  F temper  (as  diffusion  bonded) . The  epoxy-matrix 
composite  was  fabricated  from  commercial  prepreg  tape.  Uniaxial  longitudinal 
(0*)  tensile  properties  were  determined  from  the  6-ply  material,  while  the 
j-5”ply  material  was  used  for  evaluation  of  the  uniaxial  transverse  (90“) 
tensile  properties.  The  + 45*  panels  wire  used  to  evaluate  in-plane  shear 
properties.  Ideally,  shear  properties  would  also  be  determined  directly  from 
uniaxial  laminates;  however,  the  required  specimens  are  expensive  and  require 
special  test  fixtures.  The  + 45*  tensile  coupon  method  of  calculating  shear 
moduli  is  a simplified  test  procedure  f5,6]. 

All  testing  was  performed  in  air  (295  K),  liquid  nitrogen  (76  K) , or  liquid 
helium  (4  K)  on  a universal  testing  machine  at  a strain  rate  of  0.01  mln”^  using 
a tensile  cryostat  of  conventional  design  f7).  Load  cell  calibration  was 
confirmed  by  dead  weights.  Resistance  strain  gages,  parallel  and  normal 
to  the  stress  axis,  were  mounted  on  the  uniaxial  longitudinal  and  + 45* 
specimens.  The  unlaKlal  transverse  specimens  were  gaged  only  along  the 
tensile  axis.  Strain  values  were  calculated  from  manufacturer's  gage 
factors  and  comparison  with  signal  levels  from  precision  shunt  resistors 
in  the  commercial  bridges.  The  strain  gages  failed  at  about  1%  strain  at 
cryogenic  temperatures;  however,  larger  strains  were  measured  from  crosshead 
displacement  (corrected  for  load  train  strain)  and  from  displacement  of  gage 
marks  lightly  scribed  on  the  boron-aluminum  specimens.  Load  and  strain  were 
recorded  simultaneously  with  a two-pen  recorder. 

Test  specimens  were  straight-sided  coupons,  2.5  cm  (1  in)  wide  for  transverse 
and  + 45  orientations,  and  1.3  cm  (0.5  in)  wide  for  the  longitudinal  fiber 
orientation.  The  boron-aluminum  specimens  were  15  cm  (6  in)  long  with  a 5 cm  (2  in) 
gage  length  between  grips;  the  boron-epoxy  specimens  were  28  cm  (11  in)  long  with 
a 15  cm  (6  in)  gage  length.  Specimens  were  cut  with  a diamond  saw.  Before 
testing,  the  edges  were  lightly  buffed  with  emery  paper. 

Grips  were  attached  to  the  specimens  in  an  alignment  fixture.  Specimen 
ends,  wrapped  with  100  mesh  stainless  ateel  screen,  were  sandwiched  between 
serrated  titanium  plates  attached  to  the  load  train  by  pins  and  clevises.  Heavy 
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stainless  steel  pressure  plates,  each  containing  six  pairs  of  screws,  backed 
the  titanium  plates  and  provided  compressive  force  on  the  grip.  The  torque  on 
the  screws  was  systematically  Increased  toward  the  cuter  end  of  the  grip  to 
uniformly  transfe’"  the  tensile  load  into  the  composite  specimen.  When  finally 
assembled  in  the  cryostat,  the  specimen  alignment  was  within  the  limits  pre- 
scribed in  ASTM  specification  D 3039-71T  f8]. 


The  boron-epoxy  specimens  were  conditioned  for  at  least  two  days  in  45  - 55% 
relative  humidity  at  room  temperature  before  testing.  The  boron-aluminum  did 
not  require  preconditioning.  At  least  three  specimens  were  tested  for  each 
®®berial,  orientation,  and  temperature.  The  boron-epoxy  was  Initially  cycled 
three  times  within  the  elastic  region  (to  about  25%  of  ths  tensile  strength) 
to  establish  the  repeatability  of  the  modulus,  before  Increasing  the  load  to 
Initiate  fracture.  The  boron-aluminum  was  not  cycled  because  of  the  low  yield 
strength  of  the  aluminum  matrix. 


Tensile  fractures  In  composite  materials  commonly  occur  at  the  specimen 
grips,  where  a stress  concentration  inevitably  exists.  The  gripping  system 
described  here  reduced  the  frequency  of  grip  failures  to  about  20%.  Tensile 
strength  data  from  specimens  which  failed  close  to  the  grips  (within  one  specimen 
thickness)  were  rejected,  even  though  there  was  no  clear  evidence  that  such 
failures  affected  the  strength. 


In-plane  shear  properties  were  calculated  from  analyses  of  the  tensile 
stress-strain  curves  of  the  + 45*  specimens  [3,6].  Poisson's  ratio  for  the 
transverse  specimens,  '^2i»  calculated  from  the  reciprocity  relation  [5]: 

E. 


V 


"22 


21 


12  i 


11 


where  £^2  Is  from  uniaxial  transverse  specimens  and  and  is  from 
uniaxial  longitudinal  tests. 


RESULTS  AND  DISCUSSION 


The  static  tensile  properties  and  elastic  constants  for  the  boron-aluminum 
and  boron-epoxy  composites  are  presented  Ir.  Table  2 and  3.  In-plane  shear 
moduli  appear  in  Table  4.  In  accord  with  ASTM  D 3039-71T,  the  number  of 
specimens,  standard  deviation,  and  coefficient  of  variation  (standard  deviation 
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expressed  as  a percentage  of  the  average  value)  are  Included.  For  only 
three  or  four  tests,  the  calculated  standard  deviation  Is  nearly  equal  to 
the  data  spread.  Figures  2 and  3 Illustrate  the  temperature  dependence  of 
the  elastic  moduli  and  tensile  strengths  of  both  composites. 

Stress-strain  curves  for  the  uniaxial  longitudinal  test  mode  were 
essentially  linear  to  fracture  for  both  materials  at  all  test  temperatures. 

The  uniaxial  transverse  boron-epoxy  also  failed  with  negligible  yielding 
at  76  K and  A K;  however,  some  plastic  deformation  was  observed  at  295  K. 

All  + 45®  and  the  boron-aluminum  uniaxial  transverse  specimens  yielded 
significantly  prior  to  fracture  at  all  test  temperatures.  The  boron-aluminum 
uniaxial  transverse  and  4 45®  specimens  displayed  discontinuous  yielding 
at  295  and  4 K,  but  not  at  76  K. 

Cryogenic  temperatures  had  relatively  little  effect  on  the  measured 
mechanical  properties.  At  76  K,  the  averaged  data  Indicate  a mlnimvm  In  the 
elastic  modulus  of  boron-aluminum  for  the  transverse  and  + 45®  orientations, 
as  well  as  a decrease  In  the  calculated  In-plane  shear  modulus.  However,  the 
data  scatter  was  such  that  this  could  be  a statistical  effect,  rather  than  a 
true  temperature  effect.  Significant  temperature  effects  were  noted  In  the 
orientations  where  the  matrix  contributes  to  the  properties.  Thus,  the 
proportional  limit  of  the  + 45®  boron-aluminum  slightly  Increased  on  cooling, 
while  that  of  the  boron-epoxy  declined.  Also,  the  elongation  of  the  4 45® 
boron-aluminum  decreased  sharply  on  cooling,  while  there  was  a relatively 
small  change  for  boron-epoxy. 

The  aluminum-matrix  composite  exhibited  less  anisotropy  than  the  epoxy- 
matrix  composite,  reflecting  the  higher  strength  and  greater  ductility  of  the 
aluminum.  The  boron-aluminum  has  a transverse  modulus  approximately  75%  of 
that  In  the  longitudinal  direction,  and  about  twice  as  high  as  that  of  the 
unreinforced  6061  aluminum  alloy. 

The  In-plane  shear  modulus  values  calculated  for  the  boron-epoxy  appear  to 
be  in  reasonable  agreement  with  published  room-temperature  values  [9].  However, 
the  shear  moduli  calculated  for  the  boron-aluminum  are  Inordinately  low.  It 
has  been  shown  that  shear  moduli  calculated  from  analyses  of  4 45®  tensile 
stress-strain  curves  agree  with  moduli  determined  by  more  rigorous  methods  in 
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the  case  of  graphlte''epoxy  and  glass-epoxy  composites  However,  Ramsey, 

Waszczak,  and  Klouman  flO]  report  that  the  nonlinear  stress-strain  response  of 
5.6  mil  boron-6061  aluminum  In  the  F condition  may  invalidate  the  simplified 
+ 45*  test  method  used  here  and  lead  to  low  shear  moduli  calculations  for  this 
material.  The  boron-alumlnun  vrlues  here  serve  only  as  lower  boundaries  and 
display  the  limits  of  this  method. 
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NOTATION 

E ■ Engineering  Elastic  Modulus 
G ■ Engineering  shear  modulus 
e Engineering  strain 
X ■ Thermal  conductivity 
V ■ Poisson's  ratio 
p ■ Mass  density 
a ■ Engineering  stress 
T ■ In-plane  shear  stress 
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Table  1.  5.6-rail  Boron-Epoxy  and  Boron-Aluminum  Composites. 


Fiber 

Orientation 

Number  of 
Plies 

Uniaxial 

6 

Uniaxial 

15 

+ 45® 

10 
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(Average*  of  Specimens  Tested 
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Table  4.  In-Plane  Shear  Modulus® 
(Averages  of  Speci^iena  Tested) 


0 

Temperature 

Shear  Modulus, 

10^  N/m  10^  psi 

CV(Z) 

Boron-Aluminum^ 

0 

295 

39.7(4.0) 

5.75(0.58) 

10.0 

76 

27.0(5.5) 

3.92(0.80) 

20.4 

4 

32.6(5.5) 

4.73(0.80) 

16.9 

Boron-Epoxy 

0 

295 

4.72(0.44) 

0.684(0.064) 

9.3 

76 

9.19(0.38) 

1.33(0.06) 

4.1 

4 

9.28(0.19) 

1.35(0.03) 

2.0 

O These  values  are  calculated  from  cross-ply  (+  45*)  data  using  the  method 

of  Sims  and  Halpln  [6],  Standard  deviations  are  in  parenthesis;  CV  is 
the  coefficient  of  variation. 


The  boron-aluminum  moduli  are  only  lower  limits  to  the  true  values. 
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fifi*  1*  Identification  of  composite  axes. 
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Summary;  Elastic  Properties 

During  the  six  months  preceding  October,  1975,  the  following  studies  were  completed: 

Oxygen-free  copper.  Room-temperature  elastic  constants  of  this  material  were 
determined  by  a pulse-echo  method.  Low-temperature  Young's  and  shear  moduli  were 
determine'^  by  a resonance  method.  Results  of  this  study  are  included  in  the 
accompanying  manuscript  describing  copper-nickel  alloys  (See  p.  73). 

(2)  CpPP 6 eke 1 alloys.  Two  alloys,  Cu-10  Ni  and  Cu-30  Ni,  were  studied  as  described 
above  for  copper.  Also,  the  longitudinal  modulus  of  Cu-30  Ni  was  determined  by  a 
pulse-echo  method  at  low  temperatures.  Advantages  of  combining  resonance  and  pulse- 
echo  data  for  these  materials  are  described  along  with  results  in  the  actoir.panying 
manuscript  "Low-temperaturt  elastic  properties  of  some  copper-nickel  alloys"  by 

H.  M.  Ledbetter  and  W.  F.  Weston.  This  study  was  presented  at  the  1975  IEEE  Ultra- 
sonics Symposium  in  Los  Angeles,  and  it  will  be  published  in  the  proceedings  of  that 
symposium  (see  p.  73). 

(3)  Popper  alloy  PD135.  xhls  material,  supplied  and  char icterized  by  J.  M.  Wells  of 
Westinghouse,  was  studied  at  room  temperature  by  a puj se-echo  method  to  determine  its 
elastic  constants.  They  are  surprisingly  different  from  those  of  unalloyed  copper, 
and  they  are  described  in  an  accompanying  manuscript  "Elastic  properties  of  a copper- 
cadmium-chroraium  precipitation-hardened  alloy"  by  H.  M.  Ledbetter  (See  p.  77). 

(4)  ^nvar . Low— temperature  elastic  properties  of  an  iron  36  nickel  invar— type  alloy  were 
determined  by  both  resonance  and  pulse-echo  methods.  Jhis  study  is  described  in  an 
accompanying  manuscript  "Low-temperature  elastic  properties  of  invar"  by  H.  M.  Ledbetter, 
E.  R.  Nalmon,  and  W.  F.  Weston.  This  study  was  presented  at  the  1975  ICMC-CEC  in 
Kingston,  Ontario,  and  it  will  be  published  in  the  proceedings  of  that  conference 

(See  p.  81). 

.^.^ckel-chromium-iron-alloys  (Inconels) . There  is  an  accompanying  reprint  "Dynamic 
low-temperature  elastic  properties  of  two  austenitic  nickel-chron-* urn-iron  alloys," 

Mater.  Scl.  Engg.  ^ (1975)  185-94  (See  p.  95). 

Austenitic  stainless  steels.  Th  re  is  an  accompanying  reprint  "Low-temperature 
elastic  properties  of  four  asutenitic  stainless  steels,"  J.  Appl.  Phys.  46  (1975) 

3855-60  (See  p.  105).  ^ ^ 
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LOW-TEMPERATURE  ELASTIC  PROPERTIES  OF  SOME  COPPER-NICKEL  ALLOYS* 
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R.  M.  Ledbetter  and  W.  F.  Westont 
Cryogenics  Division,  National  Bureau  of  Standards 
Boulder,  Colorado  80302 

MSTRACT.  The  polycrystalline  elastic  properties  of  Cu,  Cu-10  Nl,  and  Cu-30  NI  were  determined 
between  room  temperature  and  llquld-hellum  temperature  using  both  pulse-echo  (10  MHz)  and  resonance 
(60  kHz)  methods.  The  temperature  dependence  of  a1’  three  materials  is  regular.  The  composition 
dependence  of  the  elastic  constants  is  reviewed  an.'  new  composition  dependences  are  proposed. 


INTRODUCTION 

The  study  reported  here  was  undertaken  to  eluci- 
date the  composition  dependence  and,  especially,  the 
temperature  dependence  of  the  elastic  propeifles  of 
copper-nickel  alloys.  Despite  many  previous  studies, 
these  properties  are  not  known  satisfactorily. 

Copper-nickel  alloys  are  well  known  for  their  re- 
sistances to  corrosion  and  to  stress-corrosion  cracking. 
They  are  used  in  condensers  and  In  heat  exchangers. 
Recently,  these  alloys  have  become  candldatzs  for  appli- 
cations in  superconducting  machinery!  The  elastic  pro- 
perties (Young's  modulus,  shear  modulus,  etc.)  of  these 
alloys  have  been  studied  extensively  at  room  ‘empera- 
ture,  and  one  high-temperature  elastic-property  study 
has  been  reported.  At  cryogenic  temperatures  only  the 
Young's  modulus  has  been  studied,  and  only  at  liquid- 
nitrogen  and  llquld-hellum  temperatures.  The  complete 
set  of  polycrystalline  elastic  properties  is  reported 
here  for  Cu,  Cu-10  Nl,  and  Cu-30  Nl  seml-cont Inuou jly 
between  room  temperature  and  liquid-helium  temperature. 
The  elastic  constants  are  essential  engineering  design 
parameters,  and  t'ley  are  related  simply  to  Interatomic 
for.tes.  Copper-nickel  alloys  are  especially  interest- 
ing elastically  because  nickel  increases  copper's 
elastic  stiffness,  contrary  to  usual  alloying  effects. 

Materials 


circular  cylinders  0.48  cm  (3/16  in)  in  diameter  and  s 

about  3 cm  and  2 cm  long  for  the  longitudinal  and  l ; 

transverse  cases,  respectively.  The  pulse-echo  speci- 
mens were  1 cm  cubes.  Temperatures  were  n-<nltored  with  * 

chromel-constantan  thermocouples.  ■ 

The  problem  of  the  effect  of  texture  on  the  ! 

elastic  constants  was  studied  by  me.asurlng  the  sound  I 

velocities  both  parallel  und  perpendicular  to  the  ■ , 

rolling  axis  and  also  measuring  the  shear-wave  hire-  I 

frlngence  for  the  latter  case.  The  shear  and  longi- 
tudinal wave  velocities  were  found  to  vary  with  direc-  r 

tlon  by  an  average  of  0.6  and  0.)  percent,  respec- 
tively. The  birefringence  in  the  shear  velocity  was 
found  to  have  a maximum  value  of  1.5  percent.  Tlius, 
the  specimens  liad  negligible  texture,  and  the  velocl-  | ■ 

ties  were  simply  averaged  over  direction.  ( i 

Results  j 

Some  of  the  low-temperature  elastic  constantK  are 
shown  in  Figs.  1-3,  and  room-temperature  values  are 
given  In  Table  ii.  Young's  modulus  K was  determined  by  I ! 

a resonance  method,  tlie  siiear  modiiitis  (1  by  resonance  ; 

(shown  in  Fig.  2)  and  by  pulse  method,  and  by  pulse  j 

met  hod . ; 
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Materials  were  obtained  from  commercial  sources  in 
Che  form  of  1.9-cm  (1/4-ln)  rods.  Their  chemical  ana- 
lyses by  weight  are:  9.98  Ni,  1.16  Fe,  0.07  Zn,  0.02  Pb 
for  the  Cu-10  alloy;  30.05  NI,  0.72  Mn,  0.59  Fe,  0.04 
Zn,  <0.01  Pb,  <0.01  Sn,  <0.01  Al,  <0.01  As.  The  copper 
was  an  Cxygen-free  hlgh-conductlvlty  grade.  Their  phy- 
sical and  metallurgloal  characterizations  are  given  in 
Table  I. 


Table  I.  Physical  and  metallurgical 
characterization  of  the  materials  studied 


Cu 

Cu-10  Ni 

Cu-30  Nl 

Mass  density  (g/cm’) 

8.952 

8.703 

8.914 

Hardness  (DPI!  No.  , 
1 kg  load) 

45 

87 

124 

Average  giain  size  (mm) 

1.0 

0.05 

0.03 

by  linear  intercept 
method 


Condi  tior. 


Cold  drawn 


60Z, 

annealed 


Annealed  Co;u.aerc  ially 
677°C,  annealed 
40  min 


Expe  r_i  men  t a_l 


Two  methods,  resonance  (60  kHz)  and  pulse-eclio 
(10  MHz),  were  used  to  determine  sound  velocitle.s  in  the 
alloys.  Both  methods  were  described  previously?’^  Low- 
temperature  pulse-echo  data  were  determined  by  a super- 
position method.  The  resonance  specimens  were  right 

* Contribution  of  NBS,  not  subject  to  copyright, 
t Present  address:  Rocky  Flats  Plant  Rockwell  Inter- 
national, Golden,  Colorado,  80401. 


Table  Ii.  Klastlc  lonstaius  of  Cu-NI  alloys  at 
room  temperature,  units  of  lO''  N/m  except 
(d Imenslonless) 


s 

B 

E 

C 

V 

Cu 

2.013 

1.376 

1.286 

0.478 

0.345 

Cu-lONi 

2.092 

1 .424 

1.345 

0.501 

0.34  3 

Cu-IONI 

2.250 

1.517 

1.472 

0.550 

0.339 

While  tliere  are  only  two  independent  elastic  con- 
stants for  an  Isotropic  materl.il,  several  arc  useful 
for  various  applications.  Besides  K,  C,  and  Cj,  al- 
ready mentioned,  tlie  bulk  modulus  H (reciprocal  com- 
pressibility) and  Poisson's  ratio  are  often  required. 
Relationships  among  tliese  elastic  constants  and  their 
relationsiiip  to  tlie  sound  velocities  are  well  known: 


2 

G - ov  . 
t 

(1) 

S - .v^. 

(2) 

B - C - G, 

()) 

9BG 

■ 3 B + G • 

(4) 

-So 

(5) 

Since  three  elastic  constants  wi'ri'  measured  — L,  C, 
and  C^  — tlie  prohlem  is,  in  principle,  overdeternilned . 
However,  as  car  be  Inferred  from  Table  ill,  this  is 
effectively  lot  the  case,  it  Is  to  be  recalled  that  in 
a pulse-echo  experiment  vj  and  v^  are  measured  witli 
typical  errors  of  + 1/2  percent.  in  a resonance  experi- 
ment E and  G are  measured  witli  typical  errors  of  + 1 
percent . 
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V i. 


Tahlf  Mi.  Maximum  percent  propagation  errora 
involved  In  elastic-constant  determinations. 


assuming  v - 1/3.  Boxed  parameters  are 
. . . .tii‘isi<i..nie4su.ce<l,  jiUiaj:a.are-  calr.iilatf.d... 

Vj  Vj.  Cj  E G u B 


I’ulse-echo 

Resonance 


I 1/2  1/2  I 1 

5-1/2  1/2  11 


1 12/3  1 

T n 8 17 


Tluis,  when  F.  and  G are  determined  (as  In  a resonance 
experiment),  derived  values  of  Cj,  V,  and  B are  qult^ 
inaccurate  compared  to  pulse-echo  results.  Usual  re- 
sonance methods  are  useful  for  determining  E and  G, 
but  much  less  useful  for  determining  the  other  clastic 
Constanta.  The  superiority  of  the  pulse-echo  method 
Is  apparent.  However,  in  many  cases,  including  copper- 
nickel  ell(5ys  longitudinal  ultrasonic  velocities  can 
be  determined  accurately  while  transverse  ultrasonic 
velocities  cannot,  because  of  higher  attenuation. 

Thus,  it  becomes  advantageous  to  combine  pulse-echo 
data  (C^)  with  resonance  data  (E  or  G) . in  the  pre- 
sent work,  it  was  found  that  the  resonance  value  of  E 
w.is  slightiy  more  accurate  than  the  resonance  value  of 

li.  Thus,  the  G^  (pnlse-ccho)  - E (resonance)  pair  is 
the  best  choice.  Then  it  is  necessary  to  solve  a 
quadratic  equ.it  Ion  for  G: 

(K  + 3C  ) ■ I (K  + 3C„)^  - 16EC  1^^^ 

8 • - • 

dlscar,ilng  the  non-physical  root. 

The  data  In  Elgs  1-3  wore  fitted  to  a theoretical 
relationship  suggested  hy  Varshni": 


t; 


C°  - 


t/T 


(7) 


where  c”,  s,  and  t are  adjustable  parameters,  and  T 
is  the  temperature. 

The  composition  dependence  of  the  elastic  con- 
stants is  shown  In  Figs  4-9,  where  the  present  results 
are  compared  with  results  of  sixteen  previous  stu- 
dies. Two  of  these  previous  studies  were  made  on 
single  crystals  rather  than  on  polycrystalline  aggre- 
gates. These  single-crystal  results  were  averaged  ny  a 
Vo  I gt -Reiiss-H  i 1 i method.’  The  lines  in  Figs  4-8  are 
linear  least-squares  fits  to  the  averaged  single- 
crystal  results  and  to  the  present  results. 

Temper.n tore  coefficients  of  the  elastic  constants 
are  given  In  Table  IV. 


iahle  IV.  Temperature  derivatives  of  elastic 
ions t ants  at  room  temperature  (iO  '“K  ') 


A1  loy 

1 dB 

i dE 

1 dG 

1 du 

B dT 

E dT 

G dT 

V dl 

Gu 

-1.64 

-3.64 

-4.01 

4.65 

Gu-iONi 

— 

-3.78 

-3.6i 

— 

GU-30NI 

-i . 29 

-2.  30 

-3.20 

8.22 

Discussion  and  fionc  lesions 

1.  The  low-temporature  elastic  properties  of  Gu-Ni 
alloys  resemble  those  of  copper,  except  for 
scaling  factors,  hike  Cu,  their  behavior  Is 
quite  regular--monotonlcally  decreasing,  linear 
at  high  temperature,  lower  slope  at  lower  tem- 
peratures, and  zero  slope  at  zero  temperature. 


2.  Tile  composition  dependence  of  the  elastic  con- 
stants is  approximately  li.iear  over  ti.e  composi- 
tion range  studied.  The  Young' s-modulus/ 
composition  curve  goes  through  the  value  for 
copper  (1.27  x 10‘^  N/m^)  and  not  through  the 
fictitious  value  of  E for  Cy  (1.30  x 10  ’ N/m'"), 
as  suggested  hy  Koster'.  The  parameters  pro- 
posed here  lot  the  change  of  E and  G with  com- 
position (AC/Ax  •=  0.690  and  0.259,  respectively, 
where  C denotes  elastic  con.ctant  and  x denotes 
atomic  fraction)  differ  from  those  proposed  by 
Subrahmanyan'’ ° (0.798  and  0.319,  respec  i i ve  1 y)  . 

3.  in  some  cases,  there  is  considerahie  advanlagc 
in  studying  elastic  properties  of  solids  by 
both  pulse  and  resonance  methods.  In  the  present 
case,  the  specimens  transmitted  1 ong  i t nj  I n;i  i 
waves  thus  permitting  the  determination  of  G . 

But  they  damped  shear  waves,  precluding  deter- 
minal Ion  of  0 by  a pulse  method.  G,  or  alter- 
natively K,  could  he  de t erm i ned ' hy  a resen. ince 
method.  I’he  G,,-E  data  gave  better  values  ol  It 
and  V than  could  he  ohtjined  from  resonance 
experiments  alone. 
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Fig.  4.  Bull  modulua  and  Folston  ratio  of  Cu-30  HI, 
calculated  fron  C,  (pulsa-acho)  and 
C (resonance). 


Fig.  3.  Longitudinal  ciodulua  varaus  tamparatura 

for  a Cu-30  N1  alloy.  Pulsa-acho  results. 
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ELASTIC  PROPERTIES  OF  A COPPER-CADMIUM-CHROMIUM  PRECIPITATION-HARDENED  ALLOY’* 


H.  M.  Ledbetter 

Cryogenics  Division 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 

Abstract 


The  room- temperature  elastic  constants  of  a polycrystalline 
precipitation-hardened  copper-cadmium-chromium  alloy  were  determined 
by  a 10  MHz  pulse-echo  method.  With  respect  to  copper  the  alloy  has 
a fifteen-percent-lower  bulk  modulus,  a fifteen-percent-higher  shear 
modulus,  and  a fourteen-percent-lower  Poisson  ratio.  These  changes, 
especially  In  the  Poisson  ratio,  are  much  larger  than  those  observed 
In  the  more  familiar  copper-beryllium  precipitation-hardened  alloy 
and  compare  to  those  usually  obtained  only  by  mechanical  deformation 
or  by  phase  transformation. 

Key  words:  Bulk  modulus;  compressibility;  copper  alloy;  elastic 

constant;  Poisson  ratio;  precipitation  hardening;  shear  modulus;  sound 
velocity;  Young's  modulus. 


The  elastic  constants  of  a material  are  essential  in  engineering  design  for  predicting 
load-deflection  behavior.  They  are  also  essential  for  understanding  material  behavior  re- 
lated to  Interatomic  bonding  forces.  Effects  of  many  metallurgical  variables  on  elastic 
constants  have  been  studied  extensively}”^  these  variables  include  alloying,  annealing, 
magnetic  field,  mechanical  deformation,  phase  transformation,  pressure,  stress,  and  tem- 
perature. This  subject  was  reviewed  recently  for  copper  by  Ledbetter  and  Naimonl! 

Some  experimental  results  on  the  elastic  constants  of  a precipitation-hardened  copper 
alloy  are  described  here.  Compared  to  previous  studies,  the  observed 
elastic-constant  changes  are  large. 

The  studied  materlalt  is  characterized  as  follows:  Chemical  composition  by  weight  is 

0.31  Cd,  0.33  Cr,  < 0.01  Pb,  < 0.01  Fe,  < 0.01  Ni,  < 0.01  Mn,  balance  Cu.  Mass  density 
determined  by  hydrostatic  weighing  is  8.94  g/cm\  Hardness  is  57.5  on  a Rockwell  30-T 
scale.  ASTM  grain  size  number  Is  five.  The  material  was  produced  by  extruding  a 20.3-cm 
diameter,  40.6-cm  long  billet  at  1227  K and  following  with  an  866-K, 1-hour  precipitation 
heat  treatment. 


The  elastic  constants  were  determined  by  measuring  the  ultrasonic  longitudinal-wave 
nnd  shear-wave  velocities,  Vj^  and  v^,  using  a McSkimln^  pulse-echo  method  near  10  MHz. 

The  usual  engineering  elastic  constants  are  related  to  these  velocities  by:® 


2 

Shear  modulus  = G « 

(1) 

2 

Longitudinal  modulus  • 1’ 

(2) 

A 

Bulk  modulus  =•  B = Cj^  - G, 

(3) 

Young's  modulus  = E * 3GB/ (Cj^  - G), 

(4) 

and 

Poisson  ratio  « v « (E/2G)  - 1 « y (Cj^  - 2G)/(Cj^  - G) , 

(5) 

where  r 

xS  the  mass  density. 
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This  material  was  obtained  from  the  Phelps-Dodge  Corporation,  denoted  as  their  alloy 
PD135.  This  trade  name  Is  used  here  to  characterize  the  material;  it  Is  not  an  NBS 
endorsement  of  this  material. 
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The  specimen  consisted  of  a 0.95  x 1.35  x 1.35  cm  "cube"  whose  opposite  sides  were 
flat  and  parallel  within  2.5  pm.  For  each  cf  the  three  cube  directions,  longltudlnal-wave 
and  shear-wave  sound  velocities  were  measured.  Shear-wave  birefringence  was  found  to  be 
negligible.  Both  longitudinal  and  shear  velocities  varied  less  than  one  percent  with 
direction.  Thus,  velocities  were  simply  averaged  over  the  three  directions. 

Results  of  the  present  study  are  given  In  Table  I.  For  comparison,  similar  data  are 
shown  for  unalloyed  copper  and  for  a copper  -1.85  beryllium  precipitation-hardening  alloy. 
Copper  data  are  from  the  sing) e-crystal  results  of  Overton  and  Gaffney^  averaged  by  a 
Volgt-Reuss-Hlll-ar Ithmetlc  method.  Such  data  agree  with  data  obtained  by  measuring 
polycrystalllne  specimens,  and  they  are  believed  to  be  more  reliable!^  Cu-Be  data  are  due 
to  Frederick  and  were  reported  by  Richards?  They  were  obtained  from  sound-velocity  mea- 
surements on  a 1.4 -cm  diameter  specimen  obtained  from  material  that  was  cold  drawn  and 
then  precipitation  hardened. 
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1 

! 
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Table  I.  Room-temperature  elastic  constants  of  copper,  precipitation-hardened 
Cu-1.85  Be,  and  precipitation-hardened  Cu-0.3  Cd-0.3  Cr.  Velocities 
have  units  of  10*  cm/sec;  elastic  constants  have  units  of  lO' * N/m^; 

V Is  dimensionless.  Quantities  In  parentheses  were  calculated  from 
reported  results.  Error  limits  represent  one  standard  deviation;  they 
reflect  both  experimental  errors  and  elastic  anisotropies. 


Cu 

Cu-Be 

Cu-Cd-Cr 

p 

8.93 

8.232 

8.936 

0.4733 

(0.4848) 

0.4582 

+ 

0.0053 

V 

t 

0.2295 

(0.2414) 

0.2459 

+ 

0.0021 

2.000 

(1.958) 

1.876 

+ 

0.043 

G 

0.473 

0.485 

0.540 

+ 

0.009 

B 

1.371 

(1.311) 

1.156 

+ 

0.016 

E 

1.271 

1.296 

1.402 

+ 

0.012 

V 

0.346 

0.335 

0.298 

+ 

0.003 

Results  In  Table  I show  for  the  copper  alloys  considered  that  the  effect  of  precipita- 
tion hardening  Is  to  decrease  Cjj^,  B,  and  V and  to  Increase  G and  E.  Since  there  are  only 
two  Independent  elastic  constants  for  a polycrystalllne  (Isotropic)  aggregate,  these  changes 
in  the  elastic  constants  are  not  Independent;  and  It  Is  useful  to  consider  their  Interrela- 
tionships. The  most  fundaaental  choice  of  an  elastic-constant  pair  Is  the  pair  B and  G 
becaut  these  constants  characterize  the  two  extreme  types  of  mechanical  deformation  — 
volume  change  without  shape  change  and  shape  change  without  volume  change,  respectively. 

From  Eqs.  (l)-(4)  It  follows  that: 


^ ^ ^ 

® 3(B  + I G) 


G 


(6) 


and 


d^  . G ^ . 3B  ^ 

E “ G + 3B  B G + 3B  G ’ 

^ _ 9GB 

V ' (G  + 3B) (3B 


(7) 

(8) 


For  a typical  value  of  V,  near  1/3,  these  relationships  become: 
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Thus,  It  is  clear  that  E and  G will  change  similarly  with  respect  to  most  metallurgical 
variables,  that  depends  more  on  B than  on  G,  and  that  V Is  expected  to  be  relatively 
Invariant. 


There  are  three  principal  unexpected  results  of  the  present  study.  First,  the  elastic 
constants  are  changed  significantly  — G Is  increased  fourteen  percent  and  B Is  decreased 
fifteen  percent  with  respect  to  unalloyed  copper.  Second,  Poisson's  ratio  is  changed  signi- 
ficantly. Roster  and  Fi  .nz^  showed  that  V Is  relatively  Insensitive  to  most  metallurgical 
variables  except  mechanical  deformation  and  phase  transformation.  Both  these  variables 
Introduce  strong  elastic  anisotropies,  and  It  Is  not  clear  that  these  anisotropies  have 
been  carefully  considered  with  respect  to  changes  In  V.  In  the  present  case,  however,  no 
elastic  anisotropy  due  to  precipitation  is  expected  and  none  was  detected  experimentally. 
Thus,  present  results  demonstrate  a large  change  In  the  elastic  constants  of  copper  due  to 
precipitation.  As  shown  by  Eq.  (8a),  the  unusually  large  change  In  V is  due  to  B and  G 
being  oppositely  affected  by  precipitation.  Third,  the  opposite  behavior  cf  B and  G Is 
"nexpected;  usually  G and  B are  roughly  proportional,  typically  G = 3/8  b1°  As  shown  by 
the  data  In  table  I,  G/B  is  0.35,  0.37,  and  0.47  for  copper,  copper-beryllium,  and  copper- 
cadmium-chromium,  respectively. 

Understanding  the  non-parallel  behavior  of  B and  G due  to  precipitation  hardening 
emerges  as  the  principal  problem  of  the  present  study.  Very  few  experimental  studies  on 
the  elastic  properties  oi  precipitation-hardening  alloys  have  been  reported.  The  usual 
elastic  theories  of  precipitation^*  cannot  explain  the  anomaly,  either  by  preclpltate- 
matrlx,  precipitate-precipitate,  or  combined  elastic-interaction  energies.  Also,  the 
problem  remains  to  assure  that  this  anomaly  is  not  an  artifact,  an  effective  slowing  of  the 
longitudinal  ultrasonic  wave  due  to  its  Interactions  with  the  precipitates.  If  the  apparent 
longitudinal  velocity  Is  real,  then  It  may  be  necessary  to  invoke  two  mechanisms  to  explain 
the  elastic-constant  changes  due  to  precipitation  hardening.  One  mechanism  would  increase 
(decrease)  both  B and  G while  the  other  would  decrease  B (Increase  G) , leaving  G(B)  un- 
affected. 
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LOW-TEMPERATURE  ELASTIC  PROPERTIES  OF  INVARtt 


H.  M.  Ledbetter,  E.  R.  Naimon,*t  and  W.  F.  Weston* 
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ABSTRACT 


The  elastic  properties  of  a polycrystalline  invar  alloy  were  determined 
between  room  temperature  and  liquid-helium  temperature  by  two  methods:  mea- 

surement of  ult’"asonic  (10  MHz)  wave  velocities  with  a pulse-echo  technique, 
and  measurement  of  resonance  frequencies  ( jO  kHz)  of  cylindrical  specimens 
with  a composite  piezoelectric-oscillator  technique.  The  shear  moduli  obtained 
by  the  two  methods  are  essentially  the  same.  However,  the  other  elastic  con- 
stants (all  of  which  have  a dilatetional  component)  differ  both  in  magnitude 
and  in  temperature  dependence.  Present  pulse-echo  results  agree  closely  with 
previous ■ results  obtained  for  both  polycrystals  and  single  crystals  in  a 
saturating  magnetic  field.  The  following  elastic  constants  are  reported: 
longitudinal  modulus.  Young's  modulus,  the  shear  modulus,  the  bulk  modulus 
(reciprocal  compressibility),  and  Poisson's  ratio.  The  role  of  magnetic 
effects  on  invar's  elastic  properties  is  discussed  briefly. 


Key  words:  Bulk  modulus;  compressibility;  Debye  temperature;  elastic  con- 

stant; invar;  iron  alloy;  nickel  alloy;  Poisson's  ratio;  shear 
modulus;  sound  velocity;  Young's  modulus. 
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LOW-TEMPFRATURE  ELASTIC  PROPERTIES  OF  INVARtt 


H.  M.  Ledbetter,  E.  R.  Naimon,*t  and  W.  F.  Weston* 


Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


INTRODUCTION 


Because  invar  Sas  nearly  temperature-invariant  dimensions,  it  •’'s  studied 
scientifically  and  used  technologically  [1-5].  It  is  a fate-centered-cuhic 
iron-base  alloy  containing  about  thirty-six  percent  nickel.  Invar's  Unusually 
low  thermal  expansivity  is  related  to  its  magnetic  properties  [3],  The  usual 
thermal  expansion  is  canceled  approximately  by  magnetostrictirn,  the  coupling 
between  magnetization  and  strain. 

Other  physical  properties  of  invar  are  also  anomalous.  It  has  positive 
thermoplastic  coefficients  over  a large  temperature  range.  This  anomaly  is 
useful  in  developing  alloys  with  nearly  temperature- invariant  elastic  constants. 

Knowledge  of  invar's  elastic  constants  is  important.  First,  elastic 
constants  are  related  simply  to  interatomic  potentials,  and  they  reflect  the 
nature  of  the  interatomic  bonding.  Second,  they  are  essential  design  parameters 
for  predicting  deflections  in  stressed  components;  they  become  particularly 
important  in  cases  of  large  stresses,  large  deflections,  or  acute  tolerances. 

The  elastic  constants  of  invar  are  of  interest  at  low  temperatures  because 
invar  is  a candidate  low- temperature  material  [6],  and  (as  discussed  below) 
its  elastic  behr.vior  is  especially  anomalous  below  about  50  K. 

The  elastic  properties  of  invar  between  room  temperature  and  liquid- 
helium  temperature  are  reported  in  the  present  paper.  Elastic  constants 
were  determined  by  two  dynamic  methods.  Longitudinal  and  transverse  ultra- 
sonic wave  velocities  were  measured  at  10  MHz  using  a pulse-echo  technique. 

And  the  resonance  frequencies  of  both  longitudinal  and  transverse  60  kHz 
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standing  waves  were  determined  by  a three-component  piezoelectric  composite- 
oscillator  technique.  The  following  elastic  constants  are  reported:  Young's 
modulus  E,  the  shear  modulus  G,  the  bulk  modulus  B (which  is  the  reciprocal 
compressibility),  Poisson's  ratio  \>,  and  the  longitudinal  modulus  C„. 

PREVIOUS  STUDIES 


Five  experimental  studies  on  the  low- temperature  elastic  properties  of 
invar  have  been  reported  [7-11],  and  these  studies  are  summarized  in  Table  I. 
Despite  considerable  experimental  study  on  them,  the  low-temperature  elastic 
properties  of  invar  are  not  well  characterized.  The  curves  of  Durham  et  al . [7] 
are  based  on  a few  fixed-temperature  measurements,  the  lowest  of  these  being 
at  20  K.  The  extrapolation  of  these  data  to  lower  temperatures  is  questionable. 
The  Meincke  and  Litva  [8]  data  are  limited  to  temperatures  below  160  K. 

Fletcher  [9]  reported  only  relative  values  and  limited  his  measurements  to 
temperatures  below  77  K.  Maeda's  [10]  values  are  about  twenty  percent  lower 
than  other  reported  results  for  E and  G.  Hausch  and  Warlimont  [11,12] 
measured  single-crystal  elastic  constants;  the  averaging  process  for  obtaining 
polycrystalline  elastic  constants  from  single-crystal  elastic  constants  is 
uncertain;  in  particular,  averaging  has  not  been  discussed  for  magnetic 
materials  that  may  have  a magnetostrictive  strain  comoonent.  Also,  the 
Hausch  and  Warlimont  data  do  not  extend  belt./  77  K.  Thus,  further  experimental 
studies  are  required  to  better  characterize  the  low- temperature  elastic  pro- 
perties of  invar. 

High-temperature  elastic-property  studies  were  reported  by:  Chevenard  [13]; 
Kdster  [14];  Fine  and  Ellis  [15];  Hill,  Shimmin,  and  Wilcox  [16];  and  Tino  and 
Maeda  [17]. 

Besides  dependence  on  variables  such  as  temperature,  mechanical  deformation, 
and  magnetic  field,  the  elastic  properties  of  invar  are  sensitive  to  nickel 
content.  This  variable  must  be  considered  carefully  in  comparing  results  from 
specimens  of  different  materials,  particularly  near  thirty-six  percent  nickel 
where  properties  such  as  E and  G have  sharp  minima  [18]. 
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EXPERIMENTAL 


For  brevity,  most  experimental  details  are  omitted  here.  Both  the 
pulse-echo  technique  [19]  and  the  resonance  technique  [20]  art  described 
elsewhere. 

Samples  of  invar  were  obtained  from  a cornmercial  source  in  the  form 
of  3/4-in  (1.9-cm)  diameter  rods.  The  room- temperature  mass  density  of  the 
sample  was  found  to  be  8.084  g/cm  by  an  Archimedean  method.  The  diamond- 
pyramid  hardness  number  was  226  for  a 1 kg  load.  Grain  size  was  found  by 
a linear  intercept  method  to  be  approximately  0.02  mm.  The  composition  of 
the  sample,  obtained  from  a mill  analysis,  was:  0.08  C,  0.01  P,  0.01  S, 
35.99  Ni,  0.81  Mn,  0.35  Si,  0.17  Se,  and  the  balance  Fe.  Materials  were 
tested  in  the  as-received  c'‘ndition,  about  fifteen-percent  cold  drawn. 
Annealing  the  specimens  increased  their  attenuations,  reducing  considerably 
the  quality  of  their  pulse-echo  patterns.  (Magnetic  domain  walls  attenuate 
more  in  the  annealed  state  than  in  the  mechanically  deformed  state.) 

The  possible  existence  of  preferred  orientations  (textures)  in  the 
specimen  was  investigated  by  measuring  the  longitudinal  sound-wave  velocity 
Vj^  in  three  orthogonal  directions  at  room  temperature.  The  longitudinal 
modulus  is  given  by: 


Cj^pvJ.BtfG.  (1) 

where  p is  the  mass  density.  Thus,  both  dilatational  and  shear  deforma- 
tion modes  are  sampled  simultaneously.  The  results  for  the  three  directions 
are:  0.4821,  0.4825,  and  0.4929  x 10®  cm/sec  for  the  two  transverse  -.hJ  for 

the  longitudinal  axes,  respectively  (longitudinal  axis  = rolling  direction). 
These  results  were  interpreted  to  indicate  that  the  specimen  had  a slight 
preferred  orientation,  but  that  practically  it  could  be  ignored.  The  rolling 
direction  of  the  bar  was  chosen  as  the  wave-propagation  direction  for  the 
pulse-echo  experiments,  and  it  was  the  specimen  axis  for  the  resonance 
experiments. 
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Results  of  the  present  study  are  shown  in  Figs.  1-5,  together  with  the 
low- temperature  elastic  constants  of  invar  reported  by  others.  Values  of 
the  elastic  constants  at  selected  temperatures  are  given  in  Table  II.  Based 
on  previous  measurements  on  standard  materials,  errors  in  E,  G,  B,  and 
determined  by  a pulse-echo  method  are  estimated  to  be  ± 1%.  Errors  in  E and 
G by  a resonance  method  are  also  estimated  to  be  ± 1%.  Errors  in  the  pulse- 
echo  value  of  V are  larger.  In  particular,  values  of  B,  and  v obtained 
from  resonance  data  tend  to  be  inaccurate  because  of  the  propagatioti  of  mea- 
surement errors;  these  derived  resonance  values  are  not  reported  here.  For 
the  pulse-echo  case,  the  elastic  constants  were  obtained  from  the  following 
formulas: 


G = , 

(2) 

B = -|g  , 

(3) 

r _ 9GB 

G + 3B  * 

(4) 

and 

V = Iq  - 1 , 

(5) 

where  v^  is  the  transverse  wave  velocity. 

DISCUSSION 


Pulse-echo  Results 


The  present  pulse-echo  results  agree  within  a few  percent  with  results 
reported  by  Meincke  and  Litva  [8]  for  polycrystalline  specimens,  and  also 
with  the  results  obtained  by  averaging  the  single-crystal  results  of  Hausch 
and  Warlimont  [11]  by  a Voigt-Reuss-Hill  method.  Both  these  experiments 
were  done  in  a saturating  magnetic  field;  the  present  experiments  were  done 
in  zero  applied  magnetic  field. 

The  agreement  between  the  zero-field  and  the  saturated-field  results 
can  be  understood  as  follows.  At  a high  frequency  (10  MHz  in  this  case). 
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domain-wall  motion  is  suppressed  since  the  domain  walls  cannot  follow  the 
high-frequency  applied  stress.  In  nickel,  it  was  reported  that  the  decrement 
is  a maximum  at  150  kHz  [21];  thus,  domain-wall  motion  can  contribute 
significantly  to  tlie  strain  at  this  frequency.  At  higher  frequencies  the 
domain-wall  motion  contributes  a smaller  strain.  Therefore,  the  elastic 
stiffnesses  determined  at  high  frequencies  for  unmagnetized  materials  are 
nearly  as  large  as  the  elastic  stiffnesses  determined  for  magnetically  saturated 
materials.  Thus,  present  pulse-echo  results  are  consistent  with  the  previous 
three  pulse-echo  experiments  [8,9,11],  independent  of  magnetic  field. 

The  present  pulse-echo  experiments  were  precluded  below  40  K because 
of  the  high  attenuation  of  elastic  wavec  in  invar  at  these  temperatures. 

This  attenuation  phenomenon  was  detected  first  by  Meincke  and  Litva  [3],  and  J \ 

it  was  studied  in  detail  by  Fletcher  [9]  who  described  it  by  a general  relaxation- 
mechanism. 

\ Resonance  Results 

i 

The  present  resonance  results  disagree  with  the  results  reported  by 
Maeda  [10],  both  in  magnitude  and  in  temperature  dependence.  Present  results 
are  about  twenty  percent  larger  for  both  E and  G,  and  the  present  temperature 
coefficients  are  higher.  It  is  difficult  to  understand  this  discrepancy.  | 

I It  may  be  a frequency-dependent  effect.  If  so,  it  is  a large  effect  and  ■ 

f ! deserves  further  study. 

[ ! 

Pulse-echo  and  Resonance  Results  Compared 

For  the  shear  modulus,  present  resonance  and  pulse-echo  results  arc  ' ’ 

identical  within  experimental  error.  The  unusual  behavior  of  the  shear 
modulus  of  invar  is  shown  in  Fig.  1.  A regularly  behaved  material  has  a i 

shear  modulus  that  decreases  monotonically  with  increasing  temperature. 

The  two  temperature  coefficients  are  approximately  the  same,  although  the 
slope  in  the  resonance  case  is  slightly  higher  than  in  the  pulse-echo  case. 

The  resonance  data  for  G also  show  a minimum  near  50  K and  a slight  upturn 
at  lower  temperatures,  similar  to  the  previously  reported  pulse-echo  data  [8-9]. 


For  Young's  modulus,  the  resonance  and  pulse-echo  values  differ  by 
a few  percent  in  magnitude,  but  considerably  in  their  temperature  dependence. 
These  differences  are  shown  in  Fig.  2.  The  resonance  value  of  E reaches 
a minimum  near  150  K and  then  increases  steadily  with  lower  temperatures.  If 
this  is  related  to  the  minimum  of  E near  50  K shown  by  the  pulse-echo  data, 
then  a frequency-dependent  attenuation  mechanism  is  indicated.  Fletcher  [9] 
found  no  appreciable  frequency  dependence  of  the  damping  in  his  experiments 
between  10  and  35  MHz,  but  these  frequencies  may  be  so  high  that  the  attenuation 
mechanism  associated  with  the  minimum  is  immeasurably  small.  It  is  interesting 
that  the  resonance  values  of  E are  higher  at  all  temperatures  than  the  pulse- 
echo  values.  From  the  usual  AE^  effect,  an  elastic  softening  would  be  expected 
in  going  from  pulse-echo  to  resonance  values  [5].  Maeda  [10]  did  find  an 
elastic  stiffening  due  to  the  AE^  effect,  as  evidenced  by  increased  values 
of  E in  a saturating  magnetic  field. 

From  the  results  shown  for  6 and  E,  the  disparity  between  resonance 
values  and  pulse-echo  values  of  the  elastic  constants  would  be  expected  for 
any  elastic  constant  that  contained  a dilatational  component.  Besides 
Young's  modulus,  ti'^ese  include:  the  longitudinal  modulus,  the  bulk  modulus 

(reciprocal  compressibility),  and  Poisson's  ratio.  While  the  results  of  the 
present  study  confirm  this  disparity,  resonance-derived  values  of  Cj^,  B and 
V are  not  reported  here  because  of  the  large  errors  propagated  in  computing 
them  from  E and  6 data.  The  basic  reason  for  this  disparity  between  dilata- 
tional-type  and  shear-type  elastic  constants  is  unclear. 

However,  a more  fundamental  problem  is  also  unresolved  --  how  can  the 
anomalous  elastic  behavior  of  invar  be  understood,  independent  of  the 
resonance/pulse-echo  disparity?  Despite  many  attempts,  no  consensus  of 
thinking  on  the  theory  of  invar  exists.  The  AF^  effect  due  to  linear  magneto- 
striction due  to  domain  walls  accounts  only  for  anomalies  in  shear-type 
elastic  constants.  The  AE^  effect  due  to  volume  magnetostriction  accounts 
only  for  anomalies  in  dilatation-type  elastic  constants.  As  described  above, 
ooth  types  of  elastic  constants  are  anomalous  in  invar.  Thus,  a combined 
AE^  - AE^  effect  would  have  to  be  invoked.  Hausch  [5]  disputed  this  approach 
and  proposed  that  the  Heisenberg  magnetic  exchange  energy  must  be  considered 
for  invar.  Before  these  questions  can  be  resolved,  additional  low- temperature 
elastic  measurements  must  be  made  on  invar-type  materials  to  permit  quantitative 
checks  on  proposed  theories. 
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SUMMARY 


The  zero-magnetic-field  low-temperature 
elastic  properties  of  two  polycrystalline  nickel  - 
chromium  - iron  alloys  were  determined  ultra- 
sonically  between  4 and  300  K.  Results  are 
given  for:  longitudinal  and  transverse  sound 
velocities,  Young’s  modulus,  shear  modulus, 
bulk  modulus,  Poisson’s  ratio  and  elastic  Debye 
temperature.  Effects  of  alloying  are  discussed. 
The  elastic  property  changes  due  to  additions 
of  chromium  and  iron  to  nickel  are  reviewed 
comprehensively. 


INTRODUCTION 


Elastic  properties  of  metals  at  low  tempera- 
tures have  twofold  interest.  First,  such  infor- 
mation is  essential  for  understanding  the  bfisic 
aspects  of  mechanical  deformation,  which  are 
often  described  by  dislocation  models  that 
contain  the  elastic  constants  explicitly.  Second, 
low-temperature  elastic  properties  are  essential 
design  parameters  for  cryogenic  structures, 
foi  predicting  deflections  due  to  any  combina- 
tion of  stress  and  temperature. 

Austenitic  nickel-base  alloys  containing 
chromium  and  iron  are  standard  engineering 
materials.  They  have  high  heat  resistance,  high 
corrosion  resistance,  good  high-temperature 
strength,  and  can  be  readily  fabricated  into 
structures.  Many  of  these  materials  also  have 
low-temperature  applications.  In  particular. 


* Contribution  of  NBS,  not  lubject  to  copyrifht. 
t NRC-NBS  Postdoctoral  Research  Associate,  1973-4. 
t Present  address:  Dow  Chemical  USA,  Golden, 
Colorado  80401. 


because  of  its  mechanical  properties.  Inconel* 
600  is  used  extensively  at  cryogenic  tempera- 
tures. Its  strength  increases  with  decreasing 
temperature,  while  its  ductility  and  toughness 
are  preserved.  Inconel  X-750  (formerly  Inconel 
X)  is  similar  to  Inconel  600,  but  it  contains 
small  amounts  of  aluminum,  titanium  and 
niobium.  Aluminum  and  titanium  make  pre- 
cipitation hardening  possible  by  forming 
Ni3(Al,  Ti)  by  suitable  thermal  treatment. 
(Inconel  600  is  usually  hardened  by  low-tem- 
perature mechanical  deformation.)  Niobium 
further  stiffens  the  matrix  through  solid- 
solution  hardening  and  stabilizes  the  carbides. 

The  zero-magnetic-field  dynamic  low-tem- 
perature elastic  properties  of  Inconel  600  and 
Incone!  X-7B0  are  reported  here.  A pulse- 
superposition  method  was  used  to  determine 
ultrasonic  wave  velocities  in  specimens  pre- 
pared from  as-received  commercial  bar  stock. 


EXPERIMENTAL 

Inconel  600  and  X-7B0  alloys  were  obtained 
from  commercial  sources  in  the  form  of  about 
3-in.  (7.6-cm)  and  4-in.  (10.2-cm)  diameter 
rods,  respectively.  Cylindrical  specimens 
|-in.  (1-cm)  long  and  |-in.  (1.6-cm)  diam. 
were  prepared  by  grinding.  Opposite  faces 
were  flat  and  parallel  within  100  X 10“®  in. 
(2.5  pm).  Chemical  compositions  (obtained 
from  mill  analyses),  hardness  numbers  and 
mass  densities  are  given  in  Table  1.  Hardnesses 
were  determined  by  a standard  method,  and 
mass  densities  were  determined  by  hydrostatic 


* Tradenames  are  used  to  characterize  materials;  they 
are  not  NBS  endorsements  of  particular  products. 
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TABLE  1 ..,  ,.  .•!>., 


Compoaitioni  and  propartici  of  alloys 


Alloy 

Chemical  composition,  mill  analsrsss  ( wt.%) 
Ni  Cr  Mn  Fe  S 

Ei  ' 

Cu 

J ‘ 

c 

Al 

Ti 

Nb+Ta 

Inconel 

600 

Bal 

15.8 

0.20 

7.20  ^ 0.007 

0.20 

0.10 

0.04 

- 

- 

Inconel 

X-750 

73.52 

15.2 

0.20 

6.58  0.007 

0.25 

0.04 

0.04 

0.78 

2.51 

0.89 

Alloy  Hardness  Mass  density  at  294  K Condition 

(DPH  No.,  1 kg  load)  (g/cm^) 


Inconel  600  179  8.415  As  received;  hot  rolled  annealed 

Inconel  X*7 50  330  8.238  As  received;  hot  rolled  1625°F 

(1158  K)and  aged 


o 


o 


o 


o 


weighing  using  distilled  water  as  a standard. 

A pulse-superposition  method  [1]  was  used 
to  determine  all  ultrasonic  velocities  except 
the  shear  mpde  in  Inconel  X-750.  This  particular 
mode  was  highly  attenuated,  and  for  its  mea- 
surement a standard  pulse  - echo  technique 
was  used.  All  velocities  were  measured  along 
the  rolling  direction  of  the  rod. 

Quartz  transducers  (10  MIlz)  were  bonded 
to  the  specimens  with  phenyl  salicylate  for 
room-temperature  measurements  and  with  a 
stopcock  grease  for  lower  temperatures.  When 
these  bunds  failed  occasionally  at  very  low 
temperatures,  a silicone  fluid  (viscosity  = 
200,000  cP  at  25°C)  was  used  for  bonding. 

The  specimen  holder  is  shown  schematically 
in  Pig  1.  ITie  holder  was  placed  in  the  ullage 
of  a helium  dewar  and  lowered  stepwise  to 
achieve  cooling.  Temperatures  were  monitored 
with  a chromel  - constantan  thermocouple 
contacting  the  specimen. 

Velocity  measurements  were  made  over  the 
range  of  4 - 300  K for  Inconel  600.  For  Inconel 
X-750,  however,  measurements  were  made 
over  the  range  of  40  - 300  K.  Below  40  K,  the 
ultrasonic  attenuation  for  both  longitudinai 
and  transverse  waves  was  too  high  to  permit 
accurate  velocity  determinations  to  be  made. 
However,  if  a materia!  is  well  behaved,  little 
change  is  expected  in  its  sound  velocities  from 
40  to  0 K,  and  semi-theoretical  curves  fitted  to 
the  data  points  (as  explained  in  the  next  sec- 
tion) should  give  accurate  low-temperature 
values. 

11»e  experimental  quantity  of  interest  is  the 
transit  time  t for  an  ultrasonic  wave  to  propa- 


gate from  one  end  of  the  specimen  to  the  other 
and  back.  The  ultrasonic  wa  'e  velocity  v is 
then  given  by 

v = 2Uji,"  ■ (1) 

J I • ' “ 

where  / is  the  specimen  length.  Elastic  moduli 
C are  related  to  ultrasonic  velocities  by 

C = pv*,  ' (2) 


Fig.  I . Specimen  holder. 
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where  p if  the  mwa  'iensity. 

Denoting  roon-tenipenture  veluet  by  the 
lubecript  r,  it  follows  that 

P/Pr  ■ (/f//)*.  (3) 

Then  eqn.  (2)  can  be  rewritten  as 

(4) 

Thus,  the  temperature  dependence  of  an  elastic 
modulus  is  determined  from  the  change  in 
transit  time  and  from  the  length  change  due  to 
thermal  expansion  or  contraction.  However, 
the  relative  length  change  for  Inconel  over  the 
temperature  range  from  300  K to  4 K is  only 
about  0.23%  {2J.  These  small  thermal-con- 
traction  corrections  are  neglected  here;  their 
omission  introduces  a maximum  error  also  of 
0.23%  in  the  low-tempereture  values  of  velocity 
and  modulus.  Such  small  errois  are  insigniHcant 
for  the  purposes  of  the  present  study.  Based 
on  previous  work  in  our  laboratory,  maximum 
uncertainties  in  the  velocity  measurements  are 
estimated  to  be  about  1%. 

A quantity  of  some  interest  is  the  tempera- 
ture coefficient  (l/C)(dC/dT),  which  u a 
measure  of  the  relative  modulus  change  due 
to  temperature  changes.  Prom  eqn.  (4),  it 
follows  that 

(l/C)(dC/dD  • -2(l/f)(dt/d7’)  - a (6) 

where  a - (l//)(d//d7)  is  the  coefficient  of 
linear  thermal  expansion.  For  Inconel,  a is 
0.13  X 10“*  K“*  »♦  room  temperature  {2J. 


RKSULTS 


Temperature  dependences  of  the  longitudinal 
and  transverse  moduli  are  shown  in  Figs.  2 and 
3.  These  moduli  are  given  by 


Cg  = ppg  - B * jG, 

(6) 

and 

C,  « ppf  - 0. 

(7) 

Here  ug  and  vt  are  the  longitudinal  and  trans- 
verse sound-wave  velocities,  p is  the  mass 
density,  B is  the  bulk  modulus,  and  G is  the 
shear  modulus. 

Temperature  dependences  of  both  Cg  and  C, 
were  least-squares  fitted  to  a theoretical  re- 
lationship suggested  by  Varshni  (3J: 

C~C^-$l(e‘>^-l),  (6) 


Fig.  2.  Temperature  dependence  of  longitudinal  modului 
Cg  • puf  of  two  nickel  - chromium  - iron  alloyi. 


where  C®,  s,  and  t are  adjustable  parameters  and 
T is  temperature.  The  value  of  C at  T = 0 K is 
C® , and  — s/t'  is  the  high-temperature  limit  of 
dC/dT.  By  invoking  an  Einstein  oscillator 
model  of  solids,  it  can  be  shown  (in  the  absence 
of  electronic  effects)  that  f is  the  Einstein 
characteristic  temperature.  Parameters  C^,  s 
and  t for  Inconels  600  and  X-750  are  given  in 
Table  2.  Room-temperature  values  of  the  tem- 
perature coefficients  of  the  elastic  moduli  are 
given  in  Table  3. 

Curves  in  Figs.  2 and  3 are  plots  of  eqn.  (8) 
determined  by  an  unweighted  least-squares  fit 
of  the  data.  For  Inconel  600,  average  percentage 
differences  between  measured  and  curve  values 


nMHMfutl  8) 

Fig.  3.  Temperature  dependence  of  transverse  or 
shear  modulus  Cj  “ pv,  • G of  two  nickel  - chromium  • 
iron  alloys. 
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TABLE  2 


Parameters  in  the  temperature-dependence  eqn.  (8) 


Alloy 

Mode 

C« 

(10"N/m2t 

i 

(10"N/m2) 

t 

(K) 

Inconel 

600 

peg 

2.909 

0.107 

203.1 

Pv? 

0.828 

C.063 

246.0 

Inconel 

X-750 

peg 

2.020 

0.105 

165.9 

Pv? 

0.846 

0.120 

315.8 

are  0.05%  for  both  the  longitudinal  and  trans- 
verse moduli.  For  Inconel  X-750,  the  average 
percentage  differences  between  measured  and 
curve  values  are  0.04%  and  0.18%  for  the 
longitudinal  and  transverse  moduli,  respectively. 
The  comparatively  large  error  for  the  transverse 
modulus  of  Inconel  X-750  was  due  to  a rela- 
tively poor  echo  pattern  resulting  from  ultra- 
sonic-wave scattering.  There  are  many  possible 
sources  of  this  scattering  — .'oi  example  lattice 
inhomcgeneities  and  crystalline  anisotropy. 

. While  polycrystalline  aggregates  (quasi-iso- 
tropic  solids)  have  only  two  independent  elastic 
constants,  several  constants  are  commonly 
used  for  various  applications.  The  four  most 
common  are  the  bulk  modulus  B,  Young’s 
modulus  E,  the  shear  modulus  G and  Poisson’s 
ratio  i>.  The  relationships  among  these  are: 


1=1  + 1 
E 3G  9B 

and 


(9) 

(10) 


Those  ola.stic  constants  wore  calculated  from 
the  moduli  shown  in  Figs.  2 and  3 by  the 


H) 


Fig.  4.  Tem^-'rature  dependence  of  Young’s  modulus 
of  two  nickel  - chromium  - iron  ailoys. 


relationships: 

B=3C,(Cv-|C,)/(Cc-C,),  (11, 

C = Q-lC„  (12) 

and 

P = i(Cv-2C,)/(Cv-C,)  (13) 

where  Cv  and  Q are  the  least-squares  values 
obtained  from  fitting  the  experimental  data 
with  eqn.  (8).  The  constants  B,  B and' F are 
shown  in  Figs.  4 - 6. 

It  is  of  interest  to  calculate  the  elastic  Debye 
temperature  0 for  the  two  alloys.  This  funda- 
mental parameter  is  important  in  the  lattice 
nroperties  of  solids  and  i.'  related  to  the 
average  elastic  wave  velocii'y  by  (7) 

0 = K<v'>,  i].,) 
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derivalives  of  elastic  constants  at  room  temperature  (10” ■*  K”*) 


Material 

1 d/I 
/I  dr 

I d/v 
EAT 

1 dC 
G dr 

1 dc 
F d7 

Inconel  600 

-1.20 

-2.95 

-3.21 

1.10 

Inconel  X-750 

-1.02 

-4.07 

-4.53 

1.97 

Nickel* 

-1.56 

-4.16 

4.53 

1.72 

Inconel  .\ 

-3.09 

Inconel  X 

-2.67 

Inconel  X 

-3.16 

* Based  on  single-crystal  data  averaged  by  the  Voigt  - Reuss  • Hill  method. 
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Fig.  6.  T«!mperature  dependence  of  bnlk  modulus 
(reciprocal  rompressibility)  of  two  nickel  - chromium  - 
iron  alloys. 


o 


where 


(15) 


Here  h is  Plans-k's  \;onstant,  k is  Boltzmann’s 
constant,  N is  Avogadro’s  constant,  p is  the 
mass  density,  and  A is  the  effective  atomic 
weight.  The  avera  ge  velocity  is  given  by 

/Vi^  + 2vTh~'^'^ 

<‘^>  = (-3--)  • 

The  Debye  temperature  of  each  alloy  at  T = 0 K, 
and  also  of  nickel,  is  given  in  Table  4. 


Fig.  6.  Temperature  dependence  of  Poisson's  ratio 
of  two  nickel  - chromium  ■ iron  alloys. 
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TABLE  4 

Elastic  Debye  temperatures  at  T • 0 K 


Source 

Material 

0(’t) 

Present 

Inconel  600 

464.9 

Present 

Inconel  X-750 

473.5 

Ref.  8 

Nickel 

476.0 

DISCUSSION 

The  elastic  properties  of  both  Inconel  600 
and  Inconel  X-750  behave  regularly  with  respect 
to  temperature.  The  elastic  moduli  (Cj,  C,  = G, 

B,  E)  decrease  with  increasing  temperature, 
show  a relative  flatness  at  lov/  temperatures, 
achieve  zero  slope  at  T = 0 K,  and  approach 
linear  behavior  at  high  temperatures.  Poisson’s 
ratio  also  behaves  regularly,  having  a positive 
temperature  coefficient.  For  both  the  bulk 
modulus  and  Poisson’s  ratio.  Inconel  X-750 
shows  unusual  curvatures  in  the  modulus  -• 
temperature  curves.  The  reason  for  this  is  not 
understood;  atomic  ordering  based  on  the 
Ni3(Cr,  Fe)  composition  is  a possible  explanation. 
Ordering  often  occurs  on  cooling  r.io  usually 
causes  an  increase  in  the  elastic  stiffnesses. 
Magnetic  ordering  might  also  affect  the  elastic 
stiffnesses. 

Assuming  that  the  specimens  studied  are 
representative  of  the  two  alloys,  then  con- 
clusions concerning  their  relative  ela.stic  be- 
havior can  be  drawn.  Not  surprisingly,  as 
shown  in  Figs.  2 - 6 and  in  Tables  2 and  3,  for 
most  practical  purposes  the  two  alloys  are 
elb'tically  identical.  Thus,  additions  of  small 
amounts  of  aluminum,  titanium  and  niobium 
have  little  effect  on  the  elastic  properties  of 
nickel  alloys  containing  about  1 b%  chromium 
and  about  7%  iron. 

Ve.y  few  elastic  data  exist  for  these  alloys 
15,6,9  - 13),  especially  Inconel  600.  Most  in- 
formation has  appeared  in  engineering  reports 
and  is  summarized  in  refs.  9-13.  For  com- 
parison the  room-temperature  values  of  E,  G, 

B and  i>  are  given  in  Table  5.  Good  agreement 
is  observed  between  previous  and  present 
results.  The  polycrystalline  elastic  constants 
of  nickel  are  also  given  in  Table  5,  both  those 
determined  from  experiments  on  polycrystalline 
aggregates  (4)  and  those  obtained  from  single- 
crystal data  [15,16]  using  a Voigt  - Reuss  - Hill 
average.  The  elastic  Debye  temperatures  of 
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Room-temperature  elastic  consUnU  of  Inconel  600  and  Inconel 
e (dimensionless) 

K-750;  units  of  10*'N/m^  except 

Source 

Inconel  600 

Inconel  X-750 

E 

G 

B 

V 

E 

G 

B 

V 

Present 
Ref.  5 

2.036 

0.780 

1.760 

0.307 

2.040 

0.734 

0.789 

1.736 

0.304 

Ref.  6 

— 

— 

— 

-- 

2.144 



Refs.  9,10 

2.11 

0.75 

— 

— 

2.11 

0.75 



0.29 

Ref.  1 1 

— 

— 

— 

— 

2.075 

0.714 

, _ 

0.29 

Ref.  19. 

— 

— 

— 

_ 

2.041 

0.824 



Ref.  1 5 

2.109 

— 

— 

— 

2,109 

0.749 

- 

- 

Nickel 

* 26  iron 

Ref.  14 

2.059 

0.792 

1.731 

0.302 

Nickel  (polycrysial,  zero  magnetic  field) 

Ref.  4 

1.97 

0.785 

1.903 

0.296 

Ref.  4 


Nickel  (VRH-averaged  single  crystal,  zero  magnetic  field) 
2.10  0.799  1,863  0.312 


the  alloys  are  also  within  2%  of  the  value  cal- 
culated from  the  single-crystal  elastic  data  of 
nickel. 

Low-temperature  elastic  data  have  been 
reported  only  once  previously  for  either  of 
these  alloys:  based  on  static  measurements, 
Young’s  modulus  and  the  shear  modulus  of 
Inconel  X-750  were  reported  between  room 
tempera  ure  and  liquid-hydrogen  temperatu. 
(20  K)  (12).  The  reported  Young’s  modulus 
agrees  closely  with  present  results  while  the 
reported  shear  modulus  is  about  4%  higher 
than  the  present  results  and  has  a lower  room- 
temperature  temperature  derivative. 

It  is  emphasized  that  the  data  reported  nere 
are  dynamic  (adiabatic)  rather  than  static 
(isothermal)  and  apply  to  rapid,  rather  than 
slow,  loading.  In  most  cases  the  differences 
between  adiabatic  and  isothermal  elastic 
constants  are  small.  The  conversion  formulas 


can  be  written  as  (17) 

t-t  — EjToi'^IC^p),  (17) 

= (18) 

= t^T  + (1  + i^rl^xT’a^/CpP,  (19) 

and 

G,  = Lt,  (20) 


where  subscripts  S and  T denote  adiabatic  and 
isothermal,  respectively.  In  the  above  equations 


T is  the  absolute  temperature,  a is  the  linear 
thermal  expansion  coefficient,  Cp  is  the  heat 
capacity  per  unit  mass  at  constant  pressure, 
and  p is  the  mass  density.  For  the  Inconel 
alloys  at  room  temperature  it  is  found  that 

(Es-E^)IEs  = 0.003,  (Bs-Br)/Bs  =0.022, 

(»'s-»'t)/»'s  = 0.012  and  (Gc-Gt)=  0.  (21) 

At  lower  temperatures  the  differences  arc 
smaller;  they  vanish  at  T = 0 K. 

Alloying  effects  on  material  properties  can 
be  analyzed  many  ways.  The  simplest  approach 
is  a linear  mixture  model: 

C=  S XjCj,  (22) 

where,  in  present  context,  C rep-esents  a gen- 
eral elastic  constant  of  the  alloy,  which  has  A' 
components  of  species  i;  Xj  are  the  weight 
fractions,  and  C,  are  the  elastic  constants  of 
the  unalloyed  species.  This  model  works  best 
for  mixtures  of  similar  metals  where  effects  of 
atomic  ordering,  phase  transformations,  etc. 
are  absent.  It  can  be  shown  simply  that  this 
model  fails  for  transitior.-metal  alloys,  even  for 
simpler,  binary  systems  such  as  iron  - nickel. 

A better  model  proceeds  on  the  basis  of 
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alloy  data  rather  than  component  data; 


where  Cq  is  the  elastic  constant  of  the  reference 
material,  usually  (but  not  necessarily)  a pure 
component,  (3C/3ai)  are  slopes  of  the  C - jc, 
curves,  and  are  the  weight  fractions.  Ex- 
pressions like  eqn.  (23)  have  been  used  pre- 
viously CO  describe  the  elastic  properties  of 
ternary  alloys  [18];  it  assumes  that  alloying 
effects  (AC/A-x)  are  composition  independent 
in  the  range  of  interest  and  are  linearly  additive. 
Considering  Inconel  alloys  to  be,  in  a first 
approximation,  alloys  of  i’on  and  chromium  in 
nickel,  then  three  data  are  required  (besides 
composition)  to  soive  eqn.  (23)  — the  elastic 
constants  of  nickel  and  the  changes  of  these 
constants  with  iron  and  with  chromium  ad- 
ditions. Nickel’s  elastic  constants  are  well 
known  j-lj. 

Effects  of  iron  additions  on  the  elastic 
properties  of  nickel  have  been  studied  exten- 
sively [19-32],  although  the  subject  has  a; 
parently  not  been  reviewed.  A summary  of  the 
results  is  given  in  Table  6,  which  gives  the 
logarithmic  composition  derivatives  (1/C)(AC/ 
At),  where  C represents  an  elastic  constant 
such  as  E,  G,  B or  v,  and  x denotes  weight  per- 


cent iron  alloyed  into  nickel.  The  effects  of 
alloying  iron  into  r 'ckel  are  best  defined  for 
the  Young’s  modulus  and  the  bulk  modulus;  the 
change  of  the  bulk  modulus  is  quite  large. 

Effects  of  chromium  additions  on  the  elastic 
properties  of  nickel  have  been  reported  only 
by  Chevenard  [21]  and  are  shown  in  Table  7. 

If  the  value  of  (l/C)(AG/Ax)|i-e  from  Table  6 
is  substituted  into  eqn.  (23)  along  with  the 
other  input  data,  a value  of  (1/G)(AC/Ax)cr  ~ 
—6.6  is  calculated.  Since  this  disagrees  with 
Chevenard’s  value  of  2.9,  the  model  represented 
by  eqn.  (23)  also  fails  for  the  alloys  of  interest 
here. 

The  necessity  of  invoking  higher-order 
terms  in  the  Taylor  expansion  is  indicated: 


In  particular,  the  interaction  term  in  this  case: 

1 / 3*C  \ 

Co(3Xc,3.tKe)^‘^'^^'’ 

may  be  quite  important  since  alloying  alters 
3d-shell  electronic  structure,  which  in  turn 
affects  cohesion  and  elastic  properties.  At 


TABLE  C 


Effects  of  iron  on  the  elastic  properties  of  nickel  at 

room  temp,  rature  (evaluated  from  0 - 79e  i 

.Source 

1 /A( 

■"I  1 

lx  10^ 

C \ A' 

i ' 

E 

a 

II  V 

Honda  ( • ‘^’191 

2.1 

1.4 

Honda.  1 ..naka  ( 1 920) 

0.3 

0 7 

17 

■ lievenard  ( 1927  ) 

0.0 

.N’ishi’-ania  1 1929) 

4.1 

Ebert.  Kit.ssmann  ( 1 937 ) 

15.0 

Korsler,  l.o.ster  (1 937  ) 

1.7 

Engli-r  ( 1 938) 

1.0 

1 osier  (19-10) 

1.9 

Chevenard,  Cru.s.sard  ( 19-13) 

0.0 

Ko.stcr  (1943) 

1.7 

Yamamoto  ( 1959) 

7.8 

.Sakurai  e(  a/.  (1964)* 

--0.4 

Shirakawa  el  at.  (1969)* 

,5.3 

9.8 

-17.5  -17.3 

Tanji  et  al.  ( 1970) 

0.8 

2.3 

-16.8  10.- 

Average  observed  values 

2.4 

2.3 

-16.1  -8.8 

Linear  mixture  model 

-0.6 

-0.5 

-1.1  -0.3 

* .Single-crystal  d.-ila  were  averaged  by  the  method  of  Voigt. 


I 


1 


I 


3J70< 


101 


. —tA  ■ 


TABLE  7 

Effects  of  chromium  on  the  elastic  properties  of  nickel 


Source 

1 (ae\  o 

xlO® 

E\AxJ 

G\Ax/ 

1 /Ab\  a 
xio® 

B\Axl 

.'.(^)xlO» 

v\Ax/ 

Linear  mixture 
model 

2.2 

3.1 

-1,1 

-3.2 

Chevenard  (1927) 

2.9 

f 3 


n 

) 

i 


! 

I 


) 

i\ 

s 


p 


present,  data  are  insufficient  for  evaluating 
this  interaction  term.  Chevenard’s  [21]  data 
on  Ni  - Cr  - Fe  alloys  indicate  that  for  the 
shear  modulus  the  interaction  term  might  be 
as  large  as  40  X which  is  large 

relative  to  the  first-order  coefficients  in  Tables 
6 and  7.  It  is  difficult  to  make  any  quantitative 
estimate  of  the  second-order  mutual  interac- 
tion terms  (Fe  - Fe,  Cr  - Cr).  But  from  the 
existing  data  they  seem  to  be  smaller  than  the 
cross-term  (Fe  - CY).  Additional  evidence  for  a 
large  interaction  term  results  from  the  following 
reasoning.  Since  the  elastic  properties  of  the 
two  Irconel  alloys  are  so  similar,  additional 
alloying  elements  beyond  chromium  and  iron 
seem  to  have  negligible  effects  or  to  cancel.  In 
either  case,  considering  Inconels  to  be  ternary 
alloys  of  nickel,  chromium  and  iron  seems 
justified  from  the  viewpoint  of  their  elastic 
properties.  However,  both  alloys  behave  elas- 
tically very  much  like  a nickel  - iron  alloy 
with  the  same  nickel  content;  chromium  be- 
haves as  if  it  were  iron.  This  is  shown  in 
Table  5,  which  includes  the  elastic  properties 
of  a nickel-26  iron  alloy,  which  wore  obtained 
from  single-crystal  data  by  using  a Voigt  - Reuss  - 
Hill-arithmetic  average.  Why  chromium  should 
behave  like  iron  is  not  understood. 

Another  anomaly  of  the  Ni  - Cr  - Fe  system 
is  that  the  elastic  stiffnesses  of  nickel  are  in- 
creased by  either  chromium  or  iron  additions. 
Usually  the  elastic  stiffness  of  a host  metal  is 
reduced  by  alloying.  The  reverse  effect  in  this 
case  could  be  magnetic  in  origin,  as  discussed 
below. 

Magnetic  interactions  contribute  to  the 
energy  of  a material  and  therefore  also  to  its 
elastic  constants,  which  are  related  to  the 
second  spatial  derivative  of  the  total  energy. 
However,  extra  energies  due  to  magnetism 
take  many  forms,  and  several  models  have  been 
suggested  to  account  for  the  anomalous  elastic 


behaviour  of  magnetic  materials.  At  least  two 
of  these  models  are  relevant  here. 

Khomenko  and  Tseytlin  [33]  showed  for 
alloys  in  the  invar  region  (Fe  ~ 35  Ni)  that 
chromium  auditions  increased  Young’s  modulus 
wi’Ji  {llE){AEIAx)  having  a value  near 
30  X 10~®,  a very  large  effect  compared  with 
the  coefficients  in  Tables  6 and  7.  These  authors 
showed  that  chroi*iium  increa.ses  E because  it 
suppresses  the  usual  AE  effect  AE^,  owing  to 
linear  magnetostriction,  which  reduces  E.  Since 
AE\  is  proportional  to  a magnetostriction 
constant  X that  is  quite  large  for  nickel,  this 
is  a possible  model  for  the  anomalous  elastic 
behaviour  of  nickel  - chromium  - iron  alloys. 

Hausch  [34]  used  a molecular-field  approxi- 
mation to  evaluate  the  Heisenberg  exchange- 
energy  J{r)  contribution  to  the  elastic  constants 
of  magnetic  materials.  For  nickel  it  was  shown 
that  d^J{r)ldr^  is  negative  (therefore  the  elastic 
constant  contribution  is  negative),  while  for 
face-centered  cubic  iron  the  derivative  is 
positive.  The  derivative  has  not  been  evaluated 
for  chromium;  it  is  probably  positive  as  deduced 
from  its  approximate  position  on  a Bcthe  - 
Slater  curve.  Thus,  it  is  clear  qualitatively  that 
Hausch ’s  model  might  also  lie  able  to  explain 
the  anomalous  elastic  behaviour  of  these  alloys. 

The  two  models  could  be  tested  by  low- 
frequency  elastic  measurements  on  appropriate 
alloys,  with  and  without  a sa'uratiiig  magnetic 
field.  The  AE)^  variation  with  alloying  disap- 
pears in  a saturating  magnetic  field  since  vhe 
magnetic  domain  walls  are  immobilized. 

Finally,  a speculative  suggestion  is  made 
concerning  the  source  of  the  very  high  acoustic 
attenuation  in  Inconel  .\-750  below  40  K.  Iron 
and  nickel  have  Curie  temperatures  of  1040  K 
and  630  K,  respectively.  Alloying  with 
chromium  reduces  both  of  these  drastically; 
about  50%  chromium  in  iron  suppresses  com- 
pletely the  paramagnetic  - ferromagnetic 
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transition;  for  nickel,  fewer  data  exist,  but  only 
about  12%  chromium  may  be  required  to 
suppress  the  Curie  transition  in  nickel.  No 
studies  seem  to  have  been  reported  on  the 
Curie  temperatures  of  Ni  - Cr  - Fe  alloys  (35). 
Thus,  a paramagnetic  - ferromagnetic  transition 
in  Inconel  X-760  at  low  temperatures  is 
possible.  If  it  occurs,  the  exact  transition  tem- 
perature should  depend  strongly  on  chromium 
content.  Such  a transition  would  explain  the 
attenuation  increase  as  due  to  acoustic-wave 
scattering  from  ferromagnetic  domain  walls. 

The  attenuation  would  not  be  associated  with 
the  Curie  transition  itself,  but  with  a change 
in  the  magnetic  state,  a state  produced  by  the 
Curie  transition.  Simple  dip  tests  using  a small 
permanent  magiiet  indicated  that  both  Inconels 
600  and  X-750  are  ferromagnetic  at  liquid- 
nitrogen  temperatures.  Tests  for  ferromag- 
netism between  room  and  nitrogen  temperatures 
were  not  made.  Further  studies  on  this  prob- 
lem are  planned.  Studies  that  would  be  valuable 
include  low-temperature  acoustic  wave-velocity 
and  attenuation  measurements  in  a saturating 
magnetic  field.  If  a ferromagnetic  transition 
occurs,  then  lower-frequency  elastic  measure- 
ments would  be  useful  for  determining  the 
so-called  AE  effect.  No  AE  effect  is  seen  in 
the  MHz  region  because  ferromagnetic  domain 
walls  cannot  respond  to  a high-frequency 
mechanical  stress  [36].  Measurements  of  Curie 
temperatures  and  saturation  magnetic  moments 
would  also  be  useful. 

CONCLUr-IONS 

From  the  results  of  this  study  the  following 
conclusions  are  drawn' 

1.  The  elastic  properties  of  Inconel  600  and 
Inconel  X-750  are  quite  similar. 

2.  At  lower  temperatures.  Inconel  X-750 

has  a slightly  higher  shear  modulus  and  Young’s 
modulus  than  has  Inconel  600,  but  a slightly 
lower  bulk  modulus. 

3.  At  low  temperatures,  Poisson’s  ratio  is 
slightly  lower  for  Inconel  X-750  than  for 
Inconel  600. 

4.  Inconel  600  shows  a regular  temperature 
dependence  in  all  its  elastic  properties. 

5.  The  temperature  dependence  of  the  elastic 
properties  of  Inconel  X-750  is  regular  except 
for  the  bulk  modulus,  which  has  a region  of 
positive  curvature,  and  Poisson’s  ratio,  which 
has  a minimum  near  80  K. 


6.  Inconel  X-750  highly  attenuates  10  MHz 
sound  waves,  both  longitudinal  and  transverse, 
below  about  40  K.  This  is  speculated  to  result 
from  a change  in  the  magnetic  state,  which 
results  from  a paramagnetic-to-ferromagnetic 
transition  that  occurs  above  77  K.  Why  Inconel 
600,  which  also  undergoes  a magnetic  transi- 
tion, has  lower  attenuation  is  not  understood. 

7.  The  composition  dependence  of  the 
elastic  properties  of  these  alloys  cannot  be  de- 
scribed by  a simple  model,  probably  because 
of  d-shell  and  magnetic  interactions. 
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Low-temperature  elastic  properties  of  four  austenitic 
stainless  steels 

H.  M.  Ledbetter,  W.  F.  Weston,*^  and  E.  R.  Naimon*^ 

Cr)^fmc5  Divi5ion,  Insntutf  for  Basic  Standards,  National  Bureau  Standards,  Boulder,  Colorado  80J02 
(Received  1 1 Februiry  I9'’5) 

The  elastic  properties  of  four  austenitic  stainless  steels— AISI  304,  AISI  JIO,  AISI  316,  and  A286— are 
reported  over  the  temperature  range  300-4  K.  These  properties  include  longitudiral  modulus,  shear 
modulus.  Young's  modulus,  bulk  modulus  (reciprocal  compressibility),  Poisson's  ratio,  and  elutk  Debye 
temperature.  Elastic  constants  were  determined  1 om  measurements  of  longitudinal  and  transverse  sound- 
wave velocities  using  an  ultrasonic  (10  MHz)  pulse-superposition  method.  Measurements  were  made  in  the 
absence  of  a magnetic  field;  these  alloys  undergo  paramagnetk-to-antiferromagnetic  transitions  at  low 
temperatures.  For  all  four  alloys,  the  shear  modulus  behaves  regularly  with  respect  to  temperature.  The 
other  elastic  constants,  all  of  which  have  a dilatational  component,  decrease  anomalously  at  temperatures 
below  80  K.  The  largest  anomaly,  about  3%,  is  in  the  bulk  mudulus  of  the  304  alloy;  this  modulus  is 
lower  at  0 K than  at  300  K Results  are  interpreted  on  the  buis  of  the  Doring  effect,  which  results  from  a 
large  volume  magnetostriction  in  the  magnetic  phase.  This  may  be  the  first  report  of  a Doring  effect  in 
aniiferromagnetic  materials. 

PACS  numbers:  62  20  D,  65.70 , 75.80. 


I.  INTRODUCTION 

Austenitic  stainless  steels  are  attractive  materials 
for  mechanical  applications  at  low  temperatures.  Pri- 
marily, this  Is  due  to  their  having,  at  room  tempera- 
ture, a face -centered  cubic  (fee)  crystal  structure. 
Metals  having  this  crystal  structure  usually  do  not  be- 
come brittle  at  lower  temperatures.  In  general,  steels 
that  remain  austenitic  at  cryogenic  temperatures  show 
Increased  tensile  strength,  a smaller  Increase  In  yield 
strength,  and  little  change  In  ductility.  However,  It  Is 
not  axiomatic  that  fee  materials  will  always  perform 
well  at  low  temperatures.  For  example,  lower  temper- 
atures may  promote  a change  of  the  crystal  structure 
from  fee  to  body -centered  cubic  (bcc)  or  to  close- 
packed  hexagonal  (eph),  thus  probably  embrittling  the 
material.  Other  changes  such  as  atomic  ordering  or 
magnetic  ordering  may  also  occur  at  low  temperatures; 
these  also  effect  mechanical  behavior.  Thus,  the  nature 
and  the  magnitude  of  a material’s  low -temperature 
properties  cannot  be  predicted  rt  priori  from  room- 
temperature  observations,  and  there  Is  no  substitute 
for  careful  low -temperature  experimental  determina- 
tions of  (he  Important  properties  of  each  material  of 
intere.sf.  Gilman*  concluded  that  "the  most  Important 
mechanical  characteristic  of  a crystal  Is  Its  elastic 
modulus". 

The  same  elastic  constants  that  are  related  to  funda- 
mental Interatomic  forces  In  solids  are  also  used  In 
engineering  design.  For  example,  Poisson's  ratio  Is 
.in  essential  design  parameter  In  problems  of  plate 
'ouckllng  or  of  pressure -vessel  design.  Young’s  modu- 
lus and  Poisson’s  ratio  are  required  If  plane-stress 


data  and  plane-straLi  data  are  to  be  Interconverted,  a 
technique  used  often  In  the  elastic  stress -strain  analy- 
sis of  solids. 

In  this  paper,  the  dynamic  zero-magnetic -field  elas- 
tic properties  of  four  austenitic  stainless  steels— com- 
monly designated  AISI  304,  AISI  310,  AISI  316,  and 
A286*— are  reported  between  300  and  4 K.  These  pro- 
perties Include  longitudinal  modulus,  shear  modulus. 
Young’s  modulus,  bulk  modulus  (jeclprocal  compress- 
ibility), and  I’olsson’s  ratio.  These  elastic  constants 
were  determined  dynamically,  by  measuring  the  veloci- 
ty of  longitudinally  polarized  and  transversely  poia.'lzed 
ultrasonic  (10  MHz)  pulses  propagating  through  polycrys- 
taillne  specimens  of  commercial  as-received  alloys.  At 
low  temperatures,  elastic  anomalies  were  observed  In 
all  four  materials.  These  are  believed  to  be  associated 
with  transitions  to  antiferromagnetic  states,  A magneto- 
elastic  interpretation  of  the  anomalies  Is  given. 

II.  EXPERIMENTmL 
A.  Specimens 

Materials  were  obtained  from  commercial  sources 
In  the  form  of  I -In.  (1.9-cm)-dlam  rods  Their  chem- 
ical compositions  are  given  In  Table  I.  Hardness  and 
mass-density  data  on  the  alloys  are  given  In  Table  II. 
Hardnesses  were  measured  by  standard  metallurgical 
methods,  and  mass  densities  were  measured  by 
Archimedes’s  method  using  distilled  water  as  a stand- 
ard. Materials  were  tested  In  their  as-received  condi- 
tions. Samples  were  prepared  by  grinding  cylinders 


TAHI.I-:  I.  (’hemIr.Tl  analyse.s  of  the  alloys,  wiT,  obtained  from  mill  analyses. 


Alloy 

\l 

c 

Cr 

Cu 

Mo 

Mn 

N1 

P 

S 

SI 

Tl 

V 

Kc 

304 

0.  02 

18.4 

1.4 

9.7 

0.02 

0.01 

0.6 

balance 

310 

0.08 

24.  8 

0.1 

0.1 

1.7 

20.  8 

0.02 

0.02 

0.7 

balance 

31fi 

0.0.3 

Ifi.  8 

0.2 

2.1 

l.S 

11.7 

0.03 

0 02 

0.4 

balance 

A2(l« 

0.2 

0.04 

14.8 

1.2 

1.4 

2.3.4 

0.  01 

0.01 

0.6 

2.1 

0.3 

balance 
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TABLE  n.  Densities  and  hardnesses  of  the  alloys. 


Alloy 

Mass  density 

Hardness 

(g/cm’l 

(DPHN,  1 kg  load) 

304 

7.86 

225 

310 

7.8.5 

220 

316 

7.97 

210 

A2H6 

7.95 

275 

^ In.  (1.2  cm)  thick  with  faces  flat  and  parallel  within 
lO-"  In.  (2.5  pm). 

B.  Procedures 

A pulse -superposition’  method  was  used  to  measure 
the  longitudinal  and  transverse  sound-wave  velocities 
between  room  temperature  and  llquld-hellum  tempera- 
ture The  specimen  holder,  which  was  described  pre- 
vlously\  was  placed  In  the  ullage  of  a helium  Dewar  and 
lowered  (raised)  stepwise  to  achieve  cooling  (heating). 
Measurements  were  made  semlcontlnuously  on  cooling, 
and  a few  points  were  checked  on  heating  to  verify 
reversibility.  Temperatures  were  measured  by  a 
chromel-constantan  thermocouple  contacting  the  speci- 
men. Quartz  transducers  (10  MHz)  were  bonded  to  the 
specimens  with  phenyl  salicylate  for  room -temperature 
measurements  and  with  stopcock  grease  for  lower 
temperatures.  No  bond  corrections  were  made  since 
these  are  Insignificant  for  present  purposes.  No  ther- 
mal-contraction corrections  were  made;  for  the  alloys 
of  Interest  this  Intnxluces  a maximum  error  of  0.3^ 
over  the  300  K temperature  range.  Maximum  uncer- 
tainties In  the  absolute  velocity  measurements  are  esti- 
mated to  be  about  17  . The  Imprecision  In  the  relative 
velocities  Is  a few  parts  In  10’. 

III.  RESULTS 

Longitudinal  and  transverse  moduli  are  shown  In 


Figs.  1 and  2 as  a function  of  temperature.  The  longi- 
tudinal modulus  C,  Is  given  by 

^i  = pVn  (1) 

where  p Is  the  mass  density  and  v,  Is  the  longitudinal 
wave  velocity.  The  transverse  modulus  C,  Is  Identically 
equal  to  the  shear  modulus  C and  Is  given  by 

C,  = G=pt'J,  (2) 

w.iere  e,  Is  the  transverse  wave  velocity.  Young’s  mod- 
ulus £ Is  given  by 

£ = 3C,(C,-|C,)/(C,-C,)  (3) 

and  Is  shown  In  Fig.  3.  The  bulk  modulus  B,  or  recip- 
rocal compn  sslblllty,  Is  given  by 

(4) 

and  Is  shown  In  Fig.  4.  Poisson’s  ratio  i-  Is  given  by 
v=UC,-2C,)/(C,-C,)  (5) 

and  Is  shown  In  Fig.  5. 

Temperature  dependences  of  both  C,  and  C,  were 
fitted  by  a least-squares  method  to  a theoretical  rel.i- 
tlonshlp  suggested  by  Varshnl’: 

C = C>-,s-/(e"»'-l),  (G) 

where  C“,  and  / are  adjustable  parameters  and  f is 
temperature.  The  value  of  C at  T = 0 K Is  C”,  and  -s// 
is  the  high -temperature  limit  of  the  temperature  deriva- 
tive (IC/ riT,  By  Invoking  an  Einstein  oscillator  model  of 
solids,  It  can  b‘  shown  (in  the  absence  of  electronic 
effects)  that  / Is  the  Einstein  characteristic  tempera- 
ture. Parameters  C°,  s,  and  I are  given  In  Table  III, 

The  average  differences  between  the  Varshnl -curve 
values  and  measured  values  were  0,04  and  0.05'^  for 
C,  and  C\  respectively.  Of  course,  the  low -tempera- 
ture elastic  anomalies  are  not  described  by  fq,  (C), 
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KK'i.  1.  Temperature  rieix-niienre  of  the 
longitudinal  moduli  ol  four  st  ilnlesp-steel 
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FIG.  2.  Temperature  dependence  of  the 
transverse  (shear)  moduli  of  four  staln- 
Ies3-Bteel  alloys. 


100  ItO  200  250 

TEMPERATURE (K) 


which  describes  the  extrapolated  higher-temperature  be 
havlor  shown  as  dashed  lines  In  the  figures.  Tempera- 
ture coefficients  of  the  elastic  constants  at  room  tem- 
perature are  given  In  Table  IV. 

Elastic  Debye  temperatures  at  T = 0 K were  calculat- 
ed for  both  the  antiferromagnetic  and  the  extrapolated 
paramagnetic  states,  and  these  are  given  In  Table  V. 

The  elastic  Debye  temperature  O Is  related  to  the  aver- 
age sound-wave  velocity  according  to 

• = (7) 

where 

/v  = (/|/*)(3.Vo/4iryO‘f\  (8) 

Here  li  Is  Planck’s  constant,  k Is  Boltzmann's  constant, 
V Is  Avogadro’s  number,  p Is  the  mass  density,  and  A 


Is  the  effective  atomic  weight.  The  average  velocity  Is 
given  by 

<f  >-U{r;>  + 2, •;>)]-> /3.  (, 

For  comparison,  the  elastic  Debye  temperatures  at  T 
= 0 K of  Iron,  chromium,  and  nickel  are  also  Included 
In  Table  V. 


IV.  DISCUSSION 

The  elastic  constants  of  all  four  materials  exhibit  re( 
ular  behavior  from  .••oom  temperature  to  about  80  K or 
lower.  Below  about  80  K,  anomaious  changes  In  the 
elastic  constants  occur  for  all  four  materials.  These 
anomalies  occur  only  In  the  elastic  constants  that  have 
a dllatatlonai  component — the  longltuJlnal  modulus,  the 
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FIG,  4.  Temperature  depenilenco  of  the  bulk  moduli  (reciprocal 
romprf nfllbllUles)  of  four  f^t'iInlpi^R-Rtepl  alloys. 
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KfC.  Temperature  dependence  of  the  Young's  moduli  of  four 
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FIG.  5.  Temperature  dependence  of  Poisson's  ratios  of  four 
stalnless-steel  alloys. 


bulk  modulus,  Young’s  modulus,  and  Poisson’s  ratio. 

No  anomaiies  occur  for  the  shear  modulus. 

The  elastic  properties  of  some  of  these  alioys  have 
been  studied  previousiy  at  low  temperatures.  For  ex- 
ample, stress -strain  te.sts  for  E and  O’  at  295,  77,  and 
4 K indicated  anomalies  somewhere  below  77  K for  both 
AISI  302  and  AISI  303,  but  not  for  AISI  310.  ° Resonance 
tests  on  AISI  303  for  E and  G simultaneously  at  temper- 
atures between  320  and  4 K showed  anomalies  below 
80  K.’  All  these  anomalous  results  can  be  interpreted  in 
terms  of  the  usual  AE  = ^E^  effect  (discussed  below)  and 
are  not  directly  related  to  the  low -temperature  elastic 
anomalies  reported  in  the  present  work. 

The  most  likely  causes  of  the  anomalies  are  magnetic 
transitions.  Stainless -steel -type  alloys  have  been  shown 
to  be  antiferromagnetic  at  lower  temperatures;  N6el 
temperatures  near  40  K have  been  reported*'"  for  304- 
type  alloys.  However,  no  Neel  transition  was  detected 
for  a 310-type  .alloy  cooled  to  liquid-helium  tempera- 
ture." This  suggests  that  effects  due  to  local,  rather 
than  long-range,  magnetic  ordering  may  be  occurring 
in  these  alloys.  This  would  also  account  for  the  differ- 
ence in  the  304  .alloy  between  the  N6el  temperature 
\40  K)  and  tlie  temperature  below  which  imomalous  elas- 
tic beliavior  is  otjseiwed  (80  K).  Short-range  magnetic- 
order  effects  have  been  discussed  by  Schlosser"  for  fee 
irnn-nict;'-!  alloys.  Changes  of  crystal  structure  are 
))robably  not  tlie  cause  of  the  anomalies  since  the 
changes  were  obsen’ed  to  be  reversilile  within  e.xperi- 
nrn,T'  rtiiryvi  of  4fJa»Ui,'  'H  -I;.. 

tal -structure  changes  are  generally  irreversible,  show- 
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TABLE  IV.  Temperature  coefficients  of  the  elnstic  constants 
at  room  temperature  ttO'*  K*‘). 


Alloy 

1 dB 
B dT 

1 dE 
E dT 

1 dG 
G dT 

1 di' 
V dT 

304 

-1.69 

-4.10 

-4.54 

1.78 

310 

-1..39 

-3.  71 

-4.05 

1.40 

316 

-1.41 

-4.17 

-4.61 

1.89 

A286 

-1.22 

-3.77 

-4.18 

1.81 

Ing  a particularly  large  hysteresis  in  iron-base  alloys. 
The  elastic  constants  reported  here  showed  a reversible 
behavior  and  indicate  that  the  magnetic  transition  occurs 
smoothly  over  a range  of  temperatures  rather  than  at  a 
unique  transition  temperature.  Thus,  the  transition 
seems  to  be  of  the  second-order  type.*" 

The  usual  so-called  AF  effect,  better  designated  A£^, 
due  to  linear  magnetostriction  strains  induced  by  an  .ap*- 
plied  stress,  and  usually  interpreted  by  invoking  a 
Weiss  domain  model  (with  domain  rotations  and  domain - 
wall  motions),  can  also  be  excluded  as  a possible  source 
of  the  anomalous  elastic  behavior.  Linear  magnetostric- 
tion affects  Young’s  modulus,  the  shear  modulus,  and 
Poisson’s  ratio,  but  it  does  not  affect  the  bulk  modulus 
because  no  magnetomochanical  process  will  respond  to 
the  application  of  a hydrostatic  stress.**  Also,  effects 
due  to  A£^  are  not  observed  at  high  frequencies**  be- 
cause the  domaln-w.all  displacements  cannot  follow  the 
applied  stress,  and  thei’efore  cannot  contribute  an  addi- 
tional strain  that  lowers  the  observed  elastic  stiffness. 
Thus,  for  present  purposes,  a high-frequency  applied 
stress  is  essentially  equivalent  to  applying  a saturating 
magnetic  field;  both  nullify  domain-wall  contributions  to 
the  strain. 

In  the  presence  of  a satur.ating  magnetic  field  (or  its 
effective  equivalent),  the  only  magnetic  effect  that  alters 
£,  B,  and  without  affecting  G is  the  effect  due  to  spon- 
taneous volume  magnetostriction.  This  effect  is  design- 
ated A£^,  where  w = (V  - V^/  is  the  spontaneous  vol- 
ume magnetostriction,  V is  the  total  volume,  and  l'„  is 
the  volume  in  the  paramagnetic  state.  The  effect  was 
first  reported  by  Engler*"  for  an  Fe-12  Ni  .illoy.  It  was 
explained  first  by  Doriiig*'  using  a thermodynamic  analy- 
sis. Herein,  this  phenomenon  will  lie  called  Ihc  Dbring 
effect.  Dbring  reasoned  that  in  the  paramagnetic  region 
the  elastic  constant  is  measured  at  constant  magnetisa- 
tion M,  while  in  the  ferronnirrnptic  nr  anl'ferr  lUgcwlU' 
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region  the  elastic  constant  is  measured  at  constant  mag- 
netic field  H,  DSrlng  showed  that  the  magnitude  of  the 
anomaly  in  the  Young’s  modulus  is  given  by 


(10) 


where  iw/9H  is  the  forced  volume  magnetoctrlction  due 
to  the  magnetization,  3M/SH  is  the  high-field  suscepti- 
bility X,  £’  is  £*£,1  and  r is  the  tensMe  stress.  An  al- 
ternative derivation  of  Eq.  (10)  was  given  by  Hausch.*’ 
IWohlfarth**  stated,  without  proof,  that  the  factor  of  4 
in  Eq.  (10)  should  be  replaced  by  (1  - 2i')’  where  v is 
Polsson’p  ratio.  For  the  present  materials  this  intro- 
duces a factor  oi  approximately  2,  which  is  insignificant 
for  present  purposes.]  It  should  be  noted  that  the  DiSring 
effect  always  lowers  the  moduli  (£„>£„),  whether  the 
volume  magnetostriction  is  positive  or  negative.  This  is 
related  to  the  fact  that  a relaxation  mechanism  is  in- 
volved in  going  to  ai.  antlferroinagnetic  state,  and  such 
mechanisms  always  soften  the  elastic  stiffness.  The 
Doring  effect  in  iron-nickei  alloys  was  discussed  by 
Koster,”  who  denoted  it  as  rather  than  as 
The  effect  has  been  invoked  by  several  authors  to  explain 
elastic  anomalies  in  magnetic  naterials,  usually  Of  the 
Invar  type.  Hausch*’  criticized  the  relevance  of  the 
Doring  effecl  m most  of  these  cases.  Schlosser*'  dis- 
cussed the  magnetovolume  contribution  to  the  compressi- 
bility of  Invar,  but  Kausch**  showed  that  an  exchange - 
energy  contribution  is  also  required  in  this  case  The 
present  data  for  Ircm-chromlum-nlckel  (stainless  steel) 
alloys  seem  to  constitute  a clear  case  of  the  Doring 
effect. 

If  the  Doring  effect  is  responsible  for  the  elastic 
anomalies  observed  In  stainless -steel -type  alloys,  then 
calculated  from  Eq.  (10)  should  agree  roughly  with 
the  magnitude  of  the  observed  anomalies.  Apparently, 
the  volume  magnetostriction  of  these  alloys  has  not  yet 
lieen  determined  Using  data  for  invar,  *’  an  Iron  alloy 
containing  about  35'7  N1  and  h.avlng  the  same  crystal 
structure  as  the  alloys  considered  here,  11  is  calculated 
from  Fq.  ilO)  that  t’  - 1.4'  lO"'''  enr  dyn.  For 
the  304  stainless  slecl  alloy,  the  present  results  give 
for  the  hulk  modulus  A£  £*;■  - 0, 2 lO'*'*  cm  ' dyn. 

Thus,  the  oliserved  .anomalies  show  a reasonable  corre- 
spondence to  the  magnitude  of  the  predicted  T/orlng  ef- 
fect. A more  exact  correspondence  could  be  established 
if  the  volume  magnetostrictions  of  these  alloy.®  were 
known.  If  the  D'orlng  effect  is  the  correct  Interprelation 
of  ihe  data,  then  the  volume  magnetostriction  of  these 
alloys  must  be  quite  large  since  it  is  large  in  Invar- 
type  alloys.  Besides  Invar  and  other  iron-nickei  alloys, 
large  magnetovolume  effects  have  also  been  observed  In 
iron-manganese,  iron-paiiadium,  iron-platinum,  and 
iron-cobalt  alloys.*’  A quantitative  correspondence  is 
also  precluded  because  the  alloys  reported  on  here  were 
studied  in  mechanically  deformed  states.  Roster** 
showed  that  the  A£  effect  depends  sensitively  on  metal- 
lurgical variables.  The  usual  A£=  A£j  effect  is  general- 
ly suppressed  by  mechanical  deformation.  No  studies 
seem  to  have  been  made  on  the  effect  of  mechanical  de- 
formation on  A£^.  It  would  be  expected  that  the  A£^ 
effect  will  be  enhanced  in  annealed  materials  since  the 


residual  stresi»e.'  dua  to  mechanical  deformation  would 
not  Interfere  with  domaln-wali  motions. 

Of  the  four  alloys,  the  smallest  elastic  anomalies 
were  observed  in  the  310  alloy  and  in  the  A286  alloy. 
These  materials  have  a much  higher  nickel  content. 

Thus,  it  is  suggested  that  in  stalnlrss-steei-4ype  alloys 
the  effect  of  nickel  is  to  reduce  the  volume  magneto- 
striction but  not  to  suppress  the  occurrence  of  the  anti- 
ferromagnetic  phas3. 

The  desirability  of  further  studies  on  these  alloys, 
especially  with  respect  to  the  Doring  effect,  is  indi- 
cated. Ideally,  carefully  prepared  alloy  single  crystals 
would  be  tested  in  magnetic  fields. 

Since  changes  in  elastic  constants  are  usually  accom- 
panied by  significant  changes  in  internal  friction,  it 
would  also  be  interesting  to  study  the  low-temperature 
anelastlc  properties  of  these  alloys.  The  magnitude  of 
the  mechanical  damping  determines  the  magnitude  of 
stresses  established  in  vibrating  parts.  And  all  of  these 
alloys  are  candidate  materials  for  iow-temperature  uses 
where  vibrations  may  occur.  Magnetomechanical  hyster- 
esis has  already  been  established  as  an  important  damp- 
ing mechanism  in  ferromagnetic  materials.*® 

V.  CONCLUSIONS 

From  the  results  of  the  present  study  the  following 
conclusions  are  drawn; 

(i)  Stainless -steel  alloys  AISI  304,  AISI  310,  AISI  316, 
and  A286  have  qualitatively  similar  elastic -property 
variations  with  temperature. 

(11)  The  shear  modulus  behaves  regularly  over  the  en- 
tire temperature  range  studied. 

(Hi)  The  elastic  constants  with  dilatational  compo- 
nents— Young’s  modulus,  the  longitudinal  modulus,  the 
bulk  modulus,  and  Poisson’s  ratio — behave  regularly 
above  about  75  K but  anomalously  at  lower  temperatures. 
The  anomalies  are  largest  for  the  bulk  modulus  and 
smallest  for  Young’s  modulus. 

(iv)  The  anomalies  are  largest  In  the  AISI  304  and 
AISI  316  alloys  and  smaiiesi  in  the  AISI  310  ,-ind  A286  al- 
loys. A relationship  between  the  magnitude  of  the  anoma- 
ly and  nickel  content  Is  suggested. 

(v)  As  suggested  first  by  Doring,  the  anomalies  can 
be  Interpreted  thermodynamically  as  the  difference  be- 
tween constant -magnetization  and  constant -field  bulk 
moduli. 

Soldi  lulilvtl  III  t>i-fn)i.  Subsequent  studies  on  other  sam- 
ples of  these  materials  showed  that  the  values  of  £,  0, 
and  B reported  here  for  AISI  316  are  all  higher  than  the 
average  values  by  about  6"» . All  data  reported  for  other 
materials  are  believed  to  be  typical. 
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Summary;  Fatigue  and  Fracture  Toughness 


rlzed^as%olloi°?  ‘^“"talns  two  manuscripts,  the  results  of  which  are  summa- 

® uniaxial  glass-filament  reinforced  epoxy  composite  at  liquid 
heli^  temperature  can  be  an  order  of  magnitude  greater  than  at  rLm  temperature! 

material  Indicate,  that  such  composites  can  be 
attractive  structural  materials  for  cryogenic  applications. 

f K f Stainless  steel  tripled  between  295  and 

A K.  reaching  a value  of  1.2aGNm  2 (ISOksl)  at  4 K.  Over  this  temperature  Interval 

considerable,  and  Inversely  related  to  yield  strea^ch.  This 
al  oy  shLuld  be  useful  at  temperatures  as  low  as  4 K,  for  applications  requiring  a 
balance  of  high  strength  and  fracture  toughnes.s. 
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FATIGUE  RESISTANCE  OF  A UNIAXIAL  S-GLASS/EPOXY 
COMPOSITE  AT  ROOM  AND  LIQUID 
HELIUM  TEMPERATURES 


Ralph  L.  Tobler  and  David  T.  Read* 


Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


Abstract 

Tension-tension  axial  fatigue  tests  of  a uniaxial  glass  filament- 
reinforced  epoxy  were  conducted  at  295  K and  4 K.  The  fatigue  life 
was  found  to  be  an  o,:der  of  magnitude  greater  at  4 K than  at  295  K. 
These  results  are  believe!  to  be  the  first  4 K fatigue  data  reported 
for  a composite  material. 


Key  words:  Cryogenics;  fatigue;  fiber  composites;  liquid  helium; 

low  temperature  tests;  mechanical  properties. 
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fatigue  resistance  of  a uniaxial  s-glass /epoxy 
COMPOSITE  at  ROOM -AND  LIQUID 
HELIUM  TEMPERATURES 


[ 


Ralph  L.  Tobler  and  David  T.  Read 
INTRODUCTION 

Glass-reinforced  epoxy  composite^  are  prospective  structural  materials 
at  cryogenic  temperatures  where  high  strength-to-denslty  and  strength- 
to-thermal-conductivity  ratios  are  < qulred  and  where  relatively  low 
elastic  moduli  can  be  tolerated.  At  temperatures  from  295  to  4 K,  these 
composites  offer  a combination  of  physical  and  mechanical  properties 
unmatched  b'  structural  metals.  Unfortunately,  structural  design  data 
for  composites  at  low  temperatures  are  scarce,  a fact  which  hfnders 
the  utility  of  these  materials. 

Tht  advent  of  superconducting  machinery  prompted  the  need  for 
mechanical  property  data  for  materials  in  a liquid  .helluta  environment  at 
4 K.  Accordingly,  programs  v^ere  Instituted  to  establish  a data  base 
[1].  Kasen's  review  [1,2]  of  the  mechanical  behavior  of  glass-reinforced 
composites  concludes  that  tensile  and  fatigue  strengths  generally  Increase 
between  295  and  76  K;  but,  on  further  cooling  to  20  K,  there  Is  a high 
probability  that  strengths  will  decrease.  According  to  Kasen  [1,2], 
below  20  K,  tensile  behavior  has  rarely  been  Investigated,  and  fatigue 
data  are  non-existent. 

In  this  study,  fatigue  teste  of  a f llamentary-relnforced  composite  at 
room  temperature  and  4 K are  described.  Cycle  life  as  a function  of  applied 
stress  Is  evaluated  to  provide  baseline  fatigue  data  for  a specific  primary 
load  carrying  component  of  a superconducting  motor.  Some  experimental  aspects 
of  fatigue  testing  at  4 K are  discussed. 
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EXPERIMENTAL  PROCEDURE 

The  material  teated  was  a unidirectional  composite  of  Owens-Coming 
S-901*  glass  roving  and  an  epoxy  resin.  SCI  REZ  80*.  Specimens  were  fabricated 
In  the  form  of  12.38  cm  long  bands,  as  shown  In  Figure  1,  using  a single 
material  lot  and  constant  fabrication  procedure.  The  specimen  Is  a scaled 
down  version  of  68.5  cm  long  support  bands  designed  for  suspension  of  super- 
conducting motor  components  In  liquid  helium.  All  specimen  dimensions,  except 
length,  are  equal  to  these  of  the  service  component.  As  specified  by  the 
c.<inufacturfcr,  the  specimen  fiber  content  Is  82X  by  weight,  69X  by  volume;  the 
void  content  Is  less  than  1%  by  volume,  and  the  density  Is  2.1  g • cm“^  at 
room  temperature. 

Using  flanged  bushings,  the  specimens  were  pinned  to  the  grips  of  a 
cryostat  enabling  fatigue  tests  in  a liquid  helium  environment,  as  shown 
in  Figure  2.  The  cryostat  frame  has  a load  carrying  capability  of  100  kN; 

It  consists  of  two  tubular  compression  members  which  are  bridged  at  the 
bottom.  The  lower  halves  of  these  members  are  AISI  304  stainless  steel 
having  a wall  thickness  of  3.18  mm.  The  upper  sections,  which  experience 
a thermal  gradient  during  testing,  were  fabricated  from  fiberglass-reinforced 
plastic  tubes,  6.35  mm  thick.  This  lightweight  covmtructlon  provides  high 
specific  strength  and  low  thermal  conductivity,  with  some  sacrifice  of 
rigidity;  the  stiffness  of  the  frame  and  load  train  at  4 K is  approximately 
23  kN/mm.  Details  of  this  cryostat  design  were  described  by  Fowlkes  and 


..radenames  are  used  in  this  report  for  clarity;  In  no  way  does  this 
Imply  recommendation  or  endorsement  by  the  National  Bureau  of  Standards, 
nor  does  It  imply  that  the  m'-terlal  is  the  best  available  for  the 
purpose. 
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Room  temperature  tests  were  performed  with  the  apparatus  in  ambient  air 
at  295  ± 2 K,  and  at  a relative  humidity  of  30  ± 5X.  The  tests  at  4 K v/ere 
accomplished  using  the  doublo.-dewar  arrangement  Illustrated  In  Figure  2. 

The  specimen  was  enclosed  In  a fiberglass-reinforced  plastic  dewar,  having 
a volumetric  capacity  of  9 liters.  This  dewar  Is  vacuum  Insulated,  and  Is 
surrounded  by  a fiberglass-epoxy  dewar  containing  liquid  nitrogen.  Tests 
began  by  cooling  the  specimen  and  apparatus  to  4 K,  according  to  the  two  and 
one-half  hour  cool-dowu  procedure  previously  described  | 3] . The  liquid  level 
was  maintained  several  Inches  above  the  specimen,  and  was  constantly  monitored 
with  a carbon-resistor  level  Indicator.  Liquid  helium  was  continuously 
t.ransferred  Into  the  cryostat  to  replenish  the  amounts  evaporated  during 
fatigue  tests. 

All  tests  were  conducted  using  a 100  kN  closed-loop  servo-hydraulic  teat 

machine.  Replicate  tensile  tests  were  conducted  at  a loading  rate  of 

5.7  N • s”^  to  determine  the  nominal  fracture  strength  and  load -deflection 

(P-6)  characteristics  of  virgin  specimens.  Load  cell  and  LVDT  outputs 

were  used  In  recording  load-versus-actuator  displacement  curves.  The 

nominal  fracture  strength,  o^,  was  calculated  from  the  maximum  load, 

P , and  the  mean  cross-section  area,  2A,  of  the  unloaded  specimen  at  room 
max 

temperature: 

o,  - P /2A  (1) 

f max 

The  specimen  stiffness,  P/6,  was  obtained  by  deducting  ;he  load  frame 

o 

deflection,  6 , .from  the  total  actuato’'  displacement,  6 : 
r 1 


(6^  . 6 ) 
T F'' 
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where  the  load  frame  stiffness  was  measured  separately  by  replacing  the 
specimen  with  a rigid  steel  block.  The  nominal  or  effective  value  of 
specimen  modulus  was  also  calculated: 


where  L is  the  initial  specimen  length  at  room  temperature,  and  6 is  the 
specimen  deflection  at  a 10  kN  load. 

The  axial  fatigue  tests  were  condicted  under  controlled  load,  using  a 
sinusoidal  load  cycle,  at  frequencies  from  25  to  27  Hz.  The  ratio,  R,  of 
minimum/maximum  load  was  0.1,  except  as  noted  in  the  text.  A digital  indicator 
was  used  to  measure  the  peak  loads,  which  were  controlled  to  within  2X  of 
the  specified  values. 

RESULTS 

A representative  load-displacement  record  obtained  at  4 K is  shown  in 
Figure  3a,  and  static  tensile  results  are  listed  in  Table  1.  There  was  no 
measureable  change  in  stiffness  or  modulus  between  295  and  4 K,  but  tensile 
strength  Increased  by  28X  above  the  room  temperature  value  of  133,4  kN  • cm~^. 
The  scatter  in  tensile  strength  at  4 K was  higher  than  at  room  temperature, 
with  one  specimen  at  4 K falling  at  a stress  lower  than  any  of  the  room 
temperature  values.  this  anomalous  result  was  nv.'t  Included  in  the  average 
value  of  fracture  strength  listed  in  Table  1:  the  load-displacement  record 
of  the  test  of  this  specimen  shows  a noticeable  increment  in  the  displacement 
without  a corresponding  increase  in  the  load  at  a low  value  of  the  load,  as 
can  be  seen  in  Figure  3b. 

The  room  temperature  fatigue  results  are  shown  in  Figure  4,  where  the 
maximum  fatigue  stress  is  plotted  as  a fraction  of  the  static  strength.  The 
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data  trend  and  scatter  are  similar  to  other  results,  particularly  those 
reported  by  Hofer  and  Olsen  [5]  for  a unidirectional  S-994  glass  filament- 
reinforced  epoxy.  Hofer  and  Olsen's  data  pertain  to  conventional  hour-glass 
specimens  having  a tensile  strength  of  about  162  kN  • cm”^.  Althougl? 
their  material  exhibited  a higher  cycle  life  capability  at  a given  absolute 
stress  value,  the  results  for  both  composites  can  be  normalized  on  the  basis 
of  differences  in  static  strength  as  shown  in  Figure  4.  It  is  also  significant 
to  note  that  these  materials  at  room  temperature  do  not  exhibit  a fatigue 
limit  at  cyclic  stress  levels  as  low  as  20%  of  the  static  strength. 

The  effect  of  varying  the  load  ratio  was  investigated  briefly  at  room 
temperature  where  two  specimens  were  fatigued  to  fracture  at  R - 0.5.  As 
shown  in  Figure  4,  the  cycle  life  appeared  to  Improve  at  the  higher  load 
ratio;  further  conclusions  are  not  justified  in  view  of  the  limited  data. 

The  fatigue  data  obtained  at  liquid  helium  and  room  temperatures  are 
summarized  in  Table  2 and  Figure  5.  These  results  clearly  demonstrate  a 
superior  fatigue  resistance  at  4 K.  Twc  specimens  survived  10^  stress 
cycles  of  maximum  levels  29.0  and  30.0  x 10^  N • m"^  (17.6%  of  tensile 
strength)  at  4 K without  failure;  their  tensile  strength  and  effective 
modulus  after  cycling  were  only  slightly  less  than  the  average  values  for 
virgin  specimens,  as  shown  in  Table  2b.  These  high  values  of  residual 
strength  and  residual  modulus  indicate  that  cyclic  loading  at  these  levels 
at  4 K does  not  significantly  degrade  the  load-bearing  capability  of  these 
composite  specimens.  A third  specimen  failed  after  1.49  x 10^  cycles  at  a 
stress  level  of  71.0  x 10^  N • m exceeding  the  room  temperature  endurance 
by  a factor  of  30.  A final  specimen  was  cycled  for  specified  intervals  at 
the  increasing  stress  levels  listed  in  Table  2.  Tha  results  show  that  the 


‘^87< 


118 


fatigue  damage  propagation,  as  well  as  Initiation.  The  loss  of  stiffness 
was  always  most  pronounced  during  the  last  few  cycles  to  failure,  and 
extreme  adiabatic  heating  was  also  noted  In  the  terminal  stages  of  fatigue. 


O 


DISCUSSION 

Relating  laboratory  results  to  service  behavior  Is  a practical  problem 
which  was  minimized  In  this  etudy  by  performing  a limited  number  of  tests  under 
conditions  nearly  equivalent  to  those  of  the  service  application.  The  results 
must  be  regarded  as  lower  bounds  on  the  uniaxial  tensile  properties  of  the 
material  Itself,  since  the  gripping  fixture  Influenced  the  results.  However, 
the  gripping  fixture  is  a practical  one  for  service  applications,  and  the 
data  reported  here  are  directly  applicable  In  design. 

It  can  be  concluded  from  the  A K results  and  known  trends  between  295 
and  20  K f2]  that  the  fatigue  and  tensile  strengths  of  this  material  are 


lower  at  room  temperature  than  at  any  cryogenic  temperature.  In  the  application 


under  consideration,  the  component  will  experience  temperatures  ranging  from 
295  to  A K.  The  room  temperature  properties  are  therefore  limiting,  and 

f should  form  the  basis  for  design.  In  certain  applications  where  a component 

operates  excluaively  at  cryogenic  temperatures.  It  would  also  be  possible 
; to  design  conservatively  on  the  basis  of  room  temperature  properties.  However, 

I a maximum  level  of  design  efficiency  at  cryogenic  temperatures  requires  more 

I extensive  low  temperature  mechanical  property  data. 

I In  many  structural  applications,  it  is  essential  to  monitor  fatigue 

I ^ damage  and  to  replace  critical  components  before  catastrophic  failure 

f 

becomes  probable.  The  occurrence  of  delamlnations  in  this  composite  after 


25Z  of  total  cycle  life  provides  obvious  evidence  of  degradation.  Damage 


could  be  detected  earlier  by  dismounting  the  specimen  to  examine  the 


surfaces  in  contact  with  the  bushing.  Surface  deterioration  and  discolora- 


tion were  noted  at  these  locations.  The  loss  of  stiffness  also  provides  a 


means  of  detecting  fatigue  damage.  Thus,  a simple  Inspection  of  service 


components  should  provide  ample  evidence  of  degradation  prior  to  failure. 


Cyclic  stressing  produces  specimen  heating  and  agitation  of  the  cryogcn. 


This  agitation  Increases  the  heat  leak  into  the  cryogen  due  to  convection. 


because  the  cryogen  is  splashed  into  the  warmer  regions  of  the  cryostat. 


The  heat  irput  to  the  cryogen  from  both  of  these  sources  increases  strongly 


with  displacement.  In  these  tests  the  hel'*um  loss  under  static  load  was 


only  0.15  S,  • h . This  increased  during  fatigue  tests,  varying  from  7 to 


15  i • h , over  the  range  of  stress  levels  Investlget^d. 


Aciiabatic  heating  in  glass-reinforced  plastics  results  from  their  high 


internal  friction  and  low  thermal  conductivities  [6].  Internal  temperature 


rises  as  high  as  70®F  were  noted  in  room  temperature  fatigue  tests  of  such 


materials  [7].  At  4 K,  adiabatic  heating  should  be  more  significant  since 


the  thermal  conductivity  of  glass  reinforced  epoxies  is  lowered  by  a factor 


of  three  [4].  Furthermore,  the  temperature  in  the  interior  of  the  specimen 


depends  on  the  specimen  thickness  and  cycling  rate.  Since  the  present  data 


pertain  to  a specimen  thickness  and  frequency  equivalent  to  service  conditions, 


the  effects  of  adiabatic  heating  on  fatigue  resistance  here  are  academic 


from  an  applications  viewpoint.  However,  this  effect  must  be  accounted 


for  in  future  tests  if  fatigue  results  are  to  be  Independent  of  specimen 


geometry  and  test  variables. 
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CONCLUSIONS 


From  these  tests,  the  following  conclusions  can  be  drawn: 

I 1.  The  tensile  strength  and  fatigue  resltance  exhibited  by  a glass 

roving  reinforced  epoxy  plastic  (GFRP)  composite  material  indicate  that 
such  composites  can  be  attraitlve  structural  materials  for  cryogenic 
applications. 

2.  The  fatigue  life  of  a GFRP  composite  material  can  be  an  order 

of  magnitude  greater  at  liquid  helium  temperature  than  at  room  temperature. 

3.  A measurab.'.e  decrease  in  the  stiffness  of  GFRP  specimens  may 
precede  high  cycle  fatigue  fracture  at  300  K. 
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Table  1.  Static  tensile  properties  of  S-901  glass/epoxy  specimens 


Effective 
Modulus,  M. 


Nominal  Failure 
Strength, 


®Tests  performed  by  the  manufacturer  [A] 
^Not  Included  In  the  average  (see  text). 
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Table  2a. 

Fatigue  results  for  S-901  glass/epoxy 
Maximum  Cyclic 

at  295  K. 

Specimen 

Stress, 

M 

Fatigue  Cycles 

(No.) 

7 -2 

to  failure 

(10  N*m  ) 

(No.) 

7.246 

X 

10 

5.76 

X 

10 

6.75 

X 

10 

8.36 

X 

10 

7.38 

X 

lo' 

J .96 

X 

10 

1.42 

X 

10' 

7.4b 

X 

10' 

8.85 

X 

10' 

2.22 

X 

10^ 

2.09 

X 

10^ 

3.93 

X 

10' 

2.00 

X 

10^ 

5.40 

X 

10' 

JL94<  125 


Table  2b.  Fatigue  results  for  S-901  glass/epoxy  at  4 K 


Specimen 

(No.) 


Maximum  Cyclic 
Stress,  0„ 

(lo'  N*m‘2) 


Fatigue  Cycles 
(No.), 


Residual  Strength  Residual  Modulus 


(10^  N*m‘^:* 


9 -2 

(10  N*m 


29.0 

31.0 

71.0 
37.9 
44.8 
55.2 

62.1 
69.0 
82.7 


1 

X 

10 

(run-out) 

139 

1 

X 

10^ 

It 

156 

1.49 

X 

lo"* 

(failure) 

N/A 

2.36 

X 

10^ 

(run-out) 

tl 

6.92 

X 

lo"^ 

ft 

tt 

1 

X 

10^ 

tt 

tt 

1 

X 

10^ 

It 

tt 

1 

X 

lo"^ 

It 

tt 

2.52 

X 

lo"^ 

(failure) 

tt 

Cycled  at  increasing  stress  levels. 
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FIGURE  4 - Room  temperature  fatigue  data 
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FIGURE  5 - 4K  Fatigue  results 
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TENSILE  AND  FRACTURE  BEHAVIOR  OF  A NITROGEN-STRENGTHENED, 
CHROMUM-NICKCL-HANGANESE  STAINLESS  STEEL  AT  CRYOGENIC  TEMPERATURES* 

R.  L.  Toblcr  and  R.  P.  Reed 

Cryogenics  Division 
Institute  for  Basic  Standards 
National  Bureau  of  Standards 
Boulder,  Colorado  80302 


ABSTRACT 

•^“^^*^*8*^*1  fracture  and  conventional  tensile  properties  are  reported 
for  an  Fe-21Cr-6Nl-9Mn  austenitic  stainless  steel  which  contains  0.28  N as  an 
Interstitial  strengthening  element.  Results  at  room  (295  K) , liquid  nitrogen 
(76  K),  and  liquid  helljm  (4  K)  temperatures  demonstrated  that  the  yield  strength 
and  fracture  toughness  of  this  alloy  were  Inversely  related,  exhibiting  opposite 
temperature  dependences.  Over  the  temperature  range  Investigated,  the  yield 
strength  tripled,  reaching  a value  of  12.4  x 10®  N*m“^  (180  ksl)  at  4 K.  The 
fracture  toughness,  as  measured  using  3.8  cm  thick  compact  specimens,  decreased 
considerably  from  295  to  4 K.  During  plastic  deformation  at  295  K the  alloy 
undergoes  little  martensitic  phase  transfoivatlon,  but  at  76  and  4 K It  trans- 
forms extensively  to  hep  and  bcc  martensitic  products.  The  amount  of  bcc 
transformation  product  was  measured  as  a function  of  elongation. 

Key  words:  Cryogenics;  fracture;  low  temperature  tests;  martensitic 

transformations;  mechanical  properties;  stainless  steel  alloys. 
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Introduction 


Recently,  austenitic  stainless  steel  strengths  have  been  increased  considerably 
by  the  substitution  of  nitrogen  and  manganese  for  nickel.  In  addition  to  the 
interstitial  and  solid  solution  strengthening,  these  elements  serve  to  retain,  and 
in  some  cases,  increase  the  austenite  stability  with  respect  to  martensitic  transfor- 
mations. Compared  to  nickel,  these  elements  are  more  abundant  and  leas  expens've. 

The  alloy  studied  in  this  report,  Fe-21Cr-6Nl-9Mn-0. 3N  (21-6-9),  has  a room 
temperature  yield  strength  nearly  twice  that  of  AISI  304.  Available  tensile  and 
Impact  data  suggest  that  the  alloy  retains  good  toughness  at  low  temperatures, 

leading  to  consideration  of  its  use  for  applications  benefiting  from  high  strength 
and  toughness. 

Accordingly,  21-6-9  is  currently  being  considered  for  such  critical  components 
as  the  coil  for  the  prototype  controlled  thermonuclear  reaction  superconducting 
magnets  and  the  torque  tube  for  rotating  superconducting  machinery.  To  insure 
satisfactory  service  life  and  to  compare  with  other  material  contenders  it  is 
necessary  to  evaluate  the  fracture  resistance  of  the  alloy.  This  study  presents 
the  first  fracture  toughness  data  for  this  alloy. 

Material 

The  21-6-9  austenitic  stainless  steel  was  provided  by  Lawrence  Livermore 
Laboratories,  Livermore,  California.  The  chemical  composition  (in  weight  percent) 
of  this  heat  is  19.75  Cr,  7.16  Ni,  9.46  Mn,  0.019  C,  0.15  Si,  0.004  P,  0.003  S, 
and  0.28  N. 
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The  steel  was  subsequently  hot  rolled  from  30.5  x 30.5  x 10  cm  slabs  to 
50  X 50  X 3.6  cm  plate  using  the  following  schedule: 


soak 

for  4 hours 

at 

1366 

K; 

roll 

from  10  cr  to  9.4  cm,  screw  down  (compress) 

to  9.3  cm; 

roll 

from  9.3  cm 

to 

3.7 

cm. 

screw  down 

to 

8.6 

cm. 

rotate 

90”; 

roll 

from  8.6  cm 

to 

3.0 

cm. 

screw  down 

to 

7.9 

cm; 

roll 

from  7.9  cm 

to 

7.4 

cm. 

screw  do\m 

to 

7.3 

cm. 

rotate 

90”; 

roll 

from  7.3  cm 

to 

6.9 

cm. 

screw  down 

to 

6.7 

cm; 

roll 

from  6.7  cm 

to 

6.3 

cm. 

screw  down 

to 

6.2 

cm. 

rotate 

90”; 

roll 

from  6.2  cm 

to 

5.9 

cm. 

screw  down 

to 

5.7 

cm; 

roll 

from  5. 7"  cm 

to 

5.4 

cm. 

screw  down 

to 

5.3 

cm. 

rotate 

90”; 

roll 

from  5.3  cm 

to 

5.0 

cm. 

screw  dovm 

to 

4.8 

cm; 

roll 

from  4.8  cm 

to 

4.5 

cm. 

screw  down 

to 

4.3 

cm. 

rotate 

90”; 

roll 

from  4.3  cm 

to 

4.2 

cm. 

screw  down 

to 

4.0 

cm; 

roll 

from  4.0  cm 

to 

3.8 

cm, 

screw  dovm 

to 

3.6 

cm. 

The  final  plate  temperature  after 

this 

hot 

rolling  was  1089  K. 

Each  plate  was 

then  annealed  at  1283  K for  1-1/2  hours  and  air  cooled,  followed  by  an  anneal 
at  1366  K for  1-1/2  hours  and  a water  quench.  The  resultant  hardness  was 
Rockwell  B92  and  the  average  grain  diameter  was  0.16  liim. 

Procedure 

Tensile: 

Tensile  specimens  were  machined  following  ASTM  specification  E8-72^  the 
reduced  section  diameter  was  0.635  cm  and  length  was  3.8  cm. 

The  tensile  axis  was  oriented  transverse  to  the  final  rolling  direction  of  the 
plate.  Tests  were  performed  using  a A4.5  kN  screw-driven  machine  at  a cross- 


head rate  of  0.05  cm  per  minute.  The  cryostat  assembly  was  designed  by  Reed. 
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Measurements  at  76  K used  liquid  nitrogen  and  at  4 K used  liquid  helium.  Load 
was  monitored  with  a 44.5  KN  commercial  load  cell  while  specimen  strain  was 
measured  with  a clip-on,  double  beam,  strain  gage  extensometer.  Yield  strength 

I 

was  determined  as  the  flow  stress  at  0.2Z  offset  plastic  strain. 

Magnetic: 

fo  detect  the  amount  of  ferromagnetic,  body-centered  cubic  (bcc)  martensitic 
phase  in  the  paramagnetic,  fee  austenitic  matrix  a simple  bar-magaett torsion 
balance  was  used. Previous  measurements  on  Fe-Cr-Ni  austenitic  steels  estab- 
lished a correlation  between  the  force  required  to  detach  the  magnet  from  the 
specimen  and  the  percent  bcc  martensite. This  same  correlation  was  used  for 
this  study  to  estimate  the  amount  of  bcc  martensite  in  the  Fe-Cr-Ni-Mn  alloy. 

Fracture: 

The  J-lntegrai  specimens  were  3.78  cm  thick  compact  specimens  of  a geometry 
described  in  ASTM  E-399-74. The  specimen  width,  W,  and  width-to-  thickness 
ratio,  W/B,  were  7.6  cm  and  2.0,  respectively.  Other  dimenslona  are  shown  in 
Figure  1.  The  notch,  machined  parallel  to  the  final  rolling  direction  of  the 
plate,  was  modified  to  enable  clip  gage  attachment  in  the  loadline. 

The  J-lntegral  test  specimens  were  precracked  using  a 100  kN  fatigue  test- 

(9) 

Ing  machine  and  attached  cryostat.  Specimens  were  precracked  at  their  test 
temperature.  All  pfecracklng  operations  were  conducted  using  load  control  and 
a sinusoidal  load  cycle  at  the  rate  of  20  Hz.  Maximum  fatigue  precracking  loads 
(Pj)  were,  except  for  room  temperature,  well  below  the  maximum  load  to  fracture 
after  precracking  as  Indicated  in  Table  1.  The  maximum  stress  intensity 

during  precracking  (K^)  and  the  approximate  final  average  relative  crack  length 
(the  ratio  of  the  crack  length,  a,  to  the  specimen  width,  W)  are  also  listed  in 
Table  1. 
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Subsequent  to  precracking,  the  specimens  were  transferred  to  a 267  kN 
(60,000  lb)  hydraulic  tensile  machine  for  fracture  testing.  Thus,  the  76  and  4 K 
fracture  specimens  were  warmed  to  room  temperature  prior  to  testing  at  76  and  4 K. 
This  was  necessary  since  the  load  limitations  of  the  fatigue  machine  precluded 
loading  this  alloy  to  fracture  at  the  low  temperatures. 

The  J-lntegral  tests  followed  a resistance  curve  technique  similar  to  that 
described  originally  by  Begley  and  Landes. A series  of  nearly  Identical 
specimens  was  tested  at  each  temperature.  Each  specimen  was  loaded  to  produce 
given  amounts  of  crack  extension.  The  specimens  were  then  unloaded  and  heat 
tinted  to  mark  the  amount  of  crack  extension  associated  with  a particular  value 
of  J.  The  amount  of  crack  extension  could  be  Identified  aftefr  fracturing  the 


specimen  Into  halves. 


Using  the  approxlnace  solution  for  deeply  cracked  compact  specimens, 


(12) 


J - 2A/B(W-a), 


(1) 


the  value  of  J for  each  test  was  calculated  from  the  total  area,  A,  under  the 
load-versus-loadllne  deflection  record.  The  five  values  of  J obtained  at  each 
temperature  were  plotted  versus  the  average  crack  extension,  Aa,  which  was 
measured  at  five  locations  equidistant  across  the  specimen  thickness,  and 
averaged. 

The  critical  value  of  the  J integral,  Jyp>  identified  as  the  J value  at  the 
initiation  of  crack  extension,  is  obtained  by  extrapolation  of  the  best  fit  J-Aa 
curve  to  the  point  of  actual  material  separation.  Conversion  to  the  plane- 
strain  fracture  toughness  parame.ter,  la  made  using 

*^IC  “ 

where  E is  Young's  modulus  and  V Is  Poisson  ratio.  Tere  E is  taken  as 
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the  range  of  the  ratio  of  the  length  of  the  crack  near  the  specimfin  edges 

(a  ) to  the  length  of  the  cracks  near  the  specimen  centers  (a  ) is  included  in 

c 

Table  I.  To  satisfy  the  fracture  criteria  of  ASTM  E-399-74^®^  a value  of 
Sg/a^  “ 0.90  or  greater  is  necessary. 


Table  1.  Precracking  Parameters  for  Fracture  Test  Specimens 


Test 

Temperature 

(K) 

P,/P  X 100 

f max 

(percent) 

(10^  N*m^- 

Final  Average 

1/2 

’m  ) Relative  Crack 

Length,  a/W 

a /a 
e c 

295 

40-45 

48-54 

0.638 

0.90-0.91 

76 

22-27 

52-63 

0.640 

0.87-0.9^ 

4 

30-35 

52-63 

0.647 

0.88-0.89 

Results  and 

Discussion 

Tensile: 

The  yield  and  tensile  strengths,  elongation,  and  reductior  of  area  were  ob- 
tained for  the  21-6-9  alloy  at  295,  76,  and  4 K.  These  data  are  summarized  in 
Table  2.  The  data  from  this  study  are  combined  in  Figures  2-4  with  the  unpub- 
lished results  of  Landon^^^  for  the  same  heat,  also  hot  rolled  and  annealed,  and 
with  the  results  of  Scardigno, Malin,^^\  and  Masteller^^^  on  annealed  bar 
stock.  The  correlations  are  very  good  except  for  the  ultimate  strength  data  of 
Masteller.  Although  his  alloy  was  described  as  annealed,  perhaps  it  was  tested 
in  a worked  condition.  The  spread  of  the  Malin  data  represent  specimens  machined 
from  both  longitudinal  and  transverse  directions  to  the  rolling  direction. 

Typical  stress-strain  curves  at  each  temperature  are  presented  in  Figure  6. 
large  discontinuous  yield  behavior  at  4 K probably  is  associated  with  adiabatic 
specimen  heating.  Significant  local  heating  is  Indicated,  as  the  flow  stress 
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drops  to  stress  levels  less  than  that  which  is  sustained  at  76  K.  An 

indication  of  significant  local  heating  is  the  rise  of  the  reduction  of  area 

to  values  higher  than  that  obtained  during  76  K tests.  Specimens  tested  at 

4 K developed  very  local  areas  of  Increased  plastic  deformation,  which  resulted 

in  sizable  specimen  necking  prior  to  fracture.  These  load  drops  should  not 

be  attributed  to  martensitic  phase  transformations  for  three  reasons:  (1)  more 

extensive  transformation  was  detected  in  this  alloy  at  76  K,  compared  to  4 K 

(see  later  discussion)  and  no  discontinuities  in  the  stress-strain  mode  at  76  K 

were  observed,  (2)  load  drops  have  been  observed  in  both  metastable  (e.g., 

AISl/304)  and  stable  (e.g.,  AISI  310)  austenitic  stainless  steels  at  4 K and 

no  distinction  is  apparent  between  the  two  alloy  groups, and  (3)  in  austenitic 

steels  the  amplitude  and  frequency  of  the  load  drops  at  4K  is  a function  of  the 
(13) 

strain  rate  which  would  be  expected  if  local  heating  were  responsible. 

From  these  data  it  is  clear  that  the  alloy  21-6-9  has  a significant  decrease 
of  ductility  in  the  temperature  range  below  195  K,  and  that  tensile  elongation 
continues  to  decrease  to  4 K. 

A prima  v advantage  offered  by  this  alloy  is  its  higher  yield  strength  with 
respect  to  other  austenitic  alloys.  At  room  temperature  the  yield  s'rength  of 
the  21-6-9  alloy  is  about  3.8  x 10^N*m  ^ (55  ksi),  compared  to  AISI  300  series 
steel  values  of  2.1  to  2.5  x 10^N«m"^  (30-35  ksi).  The  yield  strength  of  the 
21-6-9  steel  approximately  triples  to  a value  of  12.4  x 10®  N*m”^  (180  ksi)  as 
the  temperature  is  decreased  to  4 K.  The  Fe-Cr-Ni  austenitic  alloys  achieve 
values  about  double  or  triple  their  room  temperature  value  (60-110  ksi)  at  4 K. 

Ihe  strength  advantage  offered  by  21-6-9  is  greatest  at  lower  temperatures. 
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The  load-versu  'loadllne  deflection  curves  at  295,  76  and  4 K are 

shown  in  Figure  6.  The  curves  at  295  K extended  to  larger  deflections  than 

Indicated  on  the  axis  of  the  dlagr«'i*.  Ths  crack  remained  stable  and  did 

not  propagate  quickly  In  the  J-Aa  tests  of  room  temperature  tests.  The  fracture 

test  data  are  tabulated  In  Table  3.  There  are  no  ASTM  E-399-74  valid  data; 

the  5%  secant  offset  data  are  denoted  K^.  Both  the  ASTM  E-399-74  thickness  and 

crack  front  curvature  criteria  are  not  satisfied  at  the  temperatures  4,  76  and 

2 

295  K.  Using  B ^ 2.5  (K^/Oy)  , a specimen  thickness  of  4.2  cm  at  4 K Is  required, 
sl'ghtly  larger  than  the  3.8  cm  thickness.  As  shown  In  Figure  7,  the  crack 
front  curvature  Is  slightly  excessive  as  the  crack  lengths  of  the  surface  are  between 
88  and  89Z  of  the  average  of  the  Internal  crack  length;  90Z  Is  suggested  In  E- 
399  as  the  minimum  deviation. 

The  J versus  Aa  results  at  room  temperature  are  plotted  In  Figure  8.  Large 
extensions  were  observed  due  to  plastic  deformation  at  the  crack  tip;  only  In 
two  specimens  at  the  highest  values  of  Aa  was  actual  material  separation  noted. 

These  two  values  fall  on  the  same  linear  curve  as  the  specimen  data  that  did  not 
exhibit  material  separation  and,  furthermore,  the  entire  J versus  Aa  linear 
curve  has  approximately  the  same  slope  as  that  suggested  (J/2a^)  by  Landes  and 
Begley}*^’ It  seems  that  the  response  of  this  extremely  ductile  material  to  J 
integral  tests  at  room  temperature  Is  Inconclusive,  with  no  well-defined  break 
from  the  linear  portion  of  the  plastic  deformation  curve  observable. 

According  to  the  tentative  size  criterion  suggested  by  Landes  and  Begley^^^^ , 
the  specimen  thickness  for  valid  measurements  should  satisfy  the 


relationship: 


B > a(J/aj) 


where  a Is  a factor  greater  than  25  and  represents  the  average  of  the 
yield  and  tensile  strengths.  In  the  tests  at  295  K,  the  conditional 
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2 2 

critical  J value*  were  in  the  range  1350  to  1450  x 10  N • m/m  . Using 

8 —2 

the  flow  stress  value  of  5.3  x 10  N • m (76.5  ksl),  the  J-lntegral  results 
at  rooii  temperature  are  Invalid  for  the  specimen  thickness  tested  here. 

Apparently,  a specimen  thickness  of  at  least  6.3  cm  (2.5  inches)  is  needed 
to  Insure  valid  data. 

The  J-reslstance  curve  at  76  K is  ali\;  shown  in  Figure  8.  The  data  fit 

a regular  trend,  with  the  exception  of  the  datum  point  representing  the 

largest  observed  crack  extension.  The  curve  drawn  for  the  remaining 

specimens  indicates  that  crack  extension  initiates  at  J values  in  the 

2 2 

range  310  < < 350  x 10  N*m/m  . The  corresponding  value  of  Kj^(J), 

estimated  using  Equation  2,  is  318  N • m^^^/m^  + 5%  (292  ksl  in^^^). 

At  4 K,  the  alloy  approached  linear-elastic  behavior,  but  the  results 

of  the  first  three  tests  failed  to  satisfy  the  ASTM  validity  criteria^^^  for 

direct  measurements.  These  data  are  listed  in  Table  3.  Three  J-Aa  tests 

were  conducted  and  these  are  Included  in  Figure  8.  Although  more  thorough  testing 

is  needed  to  confirm  these,  it  appears  that  the  J-Aa  curve  is  horizontal.  The 

3 2 

resulting  is  about  150  x 10  N*m/m  . 

Phase  Transformations 

Subsequent  to  tensile  tests  at  76  and  4 K,  it  was  noticed  that  the 
deformed  specimens  were  magnetic.  Therefore,  these  specimens  were  measured, 
using  bar-magnet, torsion  balance  equipment,  to  correlate  magnetic  attraction 
with  specimen  reduction  of  area.  The  magnetic  readings  were  converted  to 
percent  bcc  martensite  and  the  reduction  of  area  converted  to  elongation,  assuming 
constant  volume.  These  data  are  plotted  in  Figure  9 and  typical  microstructures 
are  shown  in  Figure  10.  Several  aspects  deserve  discussion. 

Although  not  positively  identified,  it  is  extremely  probable  that  hep 
martensite  has  formed  in  the  21-6-9  alloy  during  low  temperature  deformation. 
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The  microphotographs  after  deformation  at  4 K (Figure  10)  Identify  transformed 
regions  which  are  parallel  to  the  (111)  slip  hand  traces.  These  appear  Identical 
to  the  hep  areas  identified  In  earlier  research  on  AISI  304,  an  Fe-Cr-Nl  alloyf^’^^^ 

The  amount  of  bcc  martensite  formed  Is  large  and  only  slightly  less  than 
that  which  Is  formed  In  AISI  304  at  the  same  temperatures^^ Permeability 
values  of  the  order  of  10  were  measured  In  heavily  deformed  specimen  portions 
at  76  K.  It  Is  difficult  to  Identify  bcc  martensite  In  the  Figure  10  photo- 
micrographs. Normally,  In  austenitic  stainless  steels  the  bcc  martensitic 
product  has  an  aclcular,  plate-llke  morphology  with  the  habit  plane  of  the 
plate  not  {ill}.  Examination  of  specimen  microstructures,  typified  by  Figure  10 
Indicate  that  only  at  {ill}  band  Intersections  are  plate-llke  and  distinctive 
mlc.rostructures  observed. 

There  Is  clear  evidence  that  the  amount  of  the  transformation  Is 
suppressed,  as  a function  of  either  stress  or  strain,  at  4 K when  compared 
to  76  K measurements.  This  Is  similar  to  the  Fe-Cr-Nl  (AISI  304)  alloy 
martensitic  transformation  behavior  . Our  earlier  work^^’^^^  also 

indicated  that  the  hep  martensitic  phase  was  suppressel  at  20  and  4 K. 

Apparently,  In  the  complicated  energy  balance  affecting  martensitic  transfor- 
mation for  these  alloy  systems  at  low  temperatures  the  Increase  of  flow 
stress  and  the  decrease  of  dislocation  mobility  more  than  offset  the  gradually 
increasing  free  energy  difference  between  the  structures, 

Finally,  It  Is  not  clear  that  the  observance  of  martensitic  transforma- 
tions is  deleterious  to  material  application.  Normally,  the  material  is 
used  in  service  at  stress  levels  less  than  the  yield  strength;  under  these 
conditions  no  martensitic  transformations  occur.  The  complexities  and  concern 
usually  are  discussed  when  one  considers  welds  and  weld  techniques.  Chemical 
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segregation  and  stress  concentrations  are  both  more  likely,  permitting  particular 
sections  to  be  less  stable  and,  locally,  stressed  above  the  yield  strength.  In 
these  situations  martensitic  products  will  form. 
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AISI  30A  behaves  in  a similar  manner;  it  is  stable  on  cooling  to  low 
temperatures  but  transforms  to  hep  and  bcc  martensitic  products  during  plastic 
deformation.  But,  unlike  21-6-9,  the  fracture  toughness  of  AISI  30A  remains 

(14) 

extremely  high  at  4 K This  implies  tnat  martensitic  transformations  are  not 

harmful  to  the  fracture  toughness  of  the  Fe-Cr-Nl  stainlesp  steel.  This  is  not 
clear  in  the  case  of  the  Fe-Cr-Ni-Mn-N  alloy,  however,  as  the  tougnness  is 
rapidly  decreasing  at  4 K.  For  appropriate  safety  of  operation  at  4 K,  adiUtlonal 
research  is  necessary  to  understand  the  effect  of  martensitic  transformations  on 
fracture  toughness. 
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Table  2.  Tensile  Properties  of  Fe-21Cr-6Nl-9Mn  Alloy 


Temperature 

(K) 

Yield 
0.2X  1 

(10®  1 

Strongth 

offset 

Tensile  Strength 
(10® 

Elongation 
2.5  cm  gage 
length 
(percent) 

Reduction  of  Area 
(percent) 

295  K 

3.50 

6.96 

61 

79 

3.57 

7.05 

61 

78 

Average 

3.53 

(51  ksi) 

7.01 

(102  ksi) 

61 

78 

76  K 

9.13 

14.62 

42 

32 

8.86 

14.85 

43 

41 

Average 

8.99 

(130  ksi) 

14.74 

(214  ksi) 

43 

37 

A K 

12.58 

16.33 

16 

40 

12.24 

16.34 

Average 

12.41 

(180  ksi) 

16.34 

(237  ksi) 

16 

40 

‘ ^ 
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Table  3 


Tenperdture 

a/W 

J 

Aa 

V 

•>3/2 

( 

(K) 

(10^  N*m/m^) 

(cm) 

295 

0.638 

177 

0.013* 

58 

0.636 

744 

0.051* 

61 

0.640 

905 

0.069* 

55 

0.635 

1355 

0.097* 

63 

0.642 

1423 

0.112* 

50 

76 

0.612 

261 

0 

134 

0.634 

413 

0.028 

153 

0.640 

499 

0.053 

131 

0.637 

674 

0.079 

137 

0.645 

788 

0.091 

130 

0.643 

698 

0.198 

130 

4 

0.670 

lOu 

0 

0.655 

147 

0.020 

167 

0.670 

I73U) 

162 

0.080 

158 

0.645 

N/A 

164 

0.648 

N/A 

162 

0.643 

0.656 

N/A 

.076 

159 

. in* lb 
^ in 

- 1.75  X 10^ 

1^-1.099 

m 

X 10  “2 
m 

-1/2 

•m 

C 3 ) 

from  E-3S9-74  mechod;  invalid  due  to  insufficient  thickness. 

calculated  at  the  first  load  discontinuity  (pop-in) 

(c) 

calculated  at  the  maximuri  load. 

* refer  not  to  crack  opening  distances,  but  to  stretch  zone  distances. 
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Figure  4.  Summary  oi  tensile  reduction  of  area  as  a function 
of  temperature  for  the  Fe-2lCr-6Nl-9Mn  alloy. 
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Pltur«  6.  Th«  J-ifitcgral  as  4 function  of  crack  extension  at  295, 
76,  and  4 K foi  annealed  alloy  Fe-21Cr>6Nl>9Mn. 
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le to thermal  Conductivity 


The  thermal  conductivity  and  effect  of  a magnetic  flelcf  on  the  thermal  conductivity 
of  S30400  have  been  determined  In  the  temperature  range  from  5 to  20  K.  The  results 
Indicate  that  a 6366  kA/m  (80  kOe)  magnetic  field  reduces  the  thermal  conductivity  of  this 
material  by  9.2Z  at  S.5  K and  by  6.72  at  19.75  K.  The  present  data  at  H - 0 compares  very 
well  with  literature  data  on  similar  materials.  Several  minor  modifications  have  been 
Incorporated  primarily  to  provide  better  thermal  contact  between,  the  specimen  and  the 
thermometers.  Based  on  the  S30400  tests,  the  precision  of  the  measurements  has  been 
Improved.  The  reproducibility  of  the  results  now  appears  to  be  about  52  In  thermal  con- 
ductivity except  at  the  temperature  extremes  where  It  Is  near  82. 
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1.  Introduction 

The  objective  is  to  determine  the  effect  of  magnetic  fields  on  the  thermal  conducti- 
vity of  technically  important  metals.  The  need  for  this  information  arises  from  the  ^ 
devGlcpment  of  rotating  machinery  operating  at  cryogenic  temperatures.  The  existing  world's 
literature  on  magnetothermal  conductivity,  A(H),  is  concerned  almost  exclusively  with 
scientific  materials,  e.g.,  very  pure  materials  and  single  crystals.  A complete  biblio- 
graphy of  the  subject  was  given  by  Sparks  and  Pickett  [1]. 

The  materials  studied  in  this  program  are  being  used  or  are  candidates  for  use  in  super- 
conducting motors  and  generators.  Optimum  design  of  these  machines,  which  must  operate  at  low 
temperatures  whi''  in  magnetic  fields,  requires  a detailed  knowledge  of  how  the  thermal  pro- 
perties of  the  constituent  materials  are  affected  by  a magnetic  field.  The  broad  material 
categories  of  interest  include  superconductor  stabilizing  materials  such  as  copper  and  alumi- 
num, and  structural  materials  such  as  nickel  alloys,  stainless  steels,  and  metallic  composites 

Results  of  the  X(H)  work  were  presented  at  three  conferences  since  the  V'^t  semi-annual 
ARPA  report;  American  Physical  Society  (Denver,  March),  14th  International  Conference  on 
Thermal  Conductivity  (University  of  Connecticut,  June),  and  the  joint  meeting  of  the  Cryo- 
genic Engineering  Conference  and  the  International  Cryogenics  Materials  Conference  (l^ingston, 
Canada,  July).  A preprint  of  the  paper  presented  at  the  ICMC  Conference  is  included  at  the 
end  of  this  report.  The  work  was  well  received  in  each  case  and  led  to  several  worthwhile 
discussions  on  the  effect  of  a magnetic  field  on  metals. 

Several  changes  have  been  made  in  the  apparatus  and  instrumentation  in  an  attempt  to 
improve  the  precision  of  the  results.  The  details  of  these  changes  are  discussed  in  the 
procedures  section  of  this  report.  Tests  on  S30400  (AISI  304  stainless  steel)  have  been 
used  to  evaluate  the  system  with  the  changes  incorporated. 


2.  Procedures 


2.1  Apparatus 

The  principle  components  of  the  A(H)  system  are  shown  schematically  in  figure  1.  The 
basic  operation  of  the  system  has  been  described  in  previous  reports  [1,2]  and  will  not  be 
repeated  here  except  in  relation  to  the  changes. 

Thermal  conductivity  is  calculated  using  the  equation 

■ aTTaT  • 


Errors  made  in  the  measurement  of  the  temperature  difference  along  the  specimen,  AT,  are 
reflected  directly  in  X.  Perhaps  the  most  difficult  problem  encountered  in  measuring  small 
temperature  differences  is  that  of  making  good  thermal  contact  with  the  temperatures  of 
interest.  Before  the  current  changes  were  instituted,  the  carbon  resistance  thermometers, 
(CRT's),  were  press  fit  into  wells  in  the  THFRMOMEiER  BLOCK  and  packed  with  a thermally 
conducting  grease.  The  THERMOMETER  BLOCKS  w^re  machined  so  that  knife  edge  contacts  were 
made  when  they  were  clamped  to  the  specimen.  This  system  had  the  following  shortcomings 
which  are  eliminated  or  minimized  by  the  changes  made  in  the  method  of  sensing  the  specimen 
temperatures:  (1)  It  was  impossible  to  be  sure  that  the  thermal  contacts  between  the  speci- 

men and  the  THERMOMETER  BLOCK  and  between  the  THERMOMETER  BLOCK  and  the  CRT's  were  the  same 
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for  the  upper  and  lover  THERMOMETER  BLOCKS;  (2)  the  THERI«)METER  BLOCKS  were  comparable  to 
the  specimen  in  mass  and  heat  capacity.  This  was  the  case  even  though  the  dimensions  of 
the  BLOCKS  were  as  small  as  possible  consistent  with  the  CRT  wells  and  the  clamping  screw; 
(3)  it  was  difficult  to  attach  the  clamps  to  the  small  specimens  without  introducing  some 
strain  in  the  specimen.  The  new  "thermometer  holder",  designed  to  alleviate  the  problems 
discussed  above,  is  shown  schematically  in  figure  2.  ThermaJ  contact  to  the  specimen  is 
achieved  by  soldering  the  20  AWG  copper  wire  directly  to  the  specimen;  this  method  assures 
good  thermal  contact  and  should  be  Identical  for  both  the  upper  and  lower  thermometer 
stations.  Thermal  contact  and  electrical  isolation  between  the  copper  wire  and  the  CRT  is 
provided  by  the  sapphire  chip  as  shown  in  the  figure.  The  thermal  conductivity  of  sapphire 
is  similar  to  that  of  copper  at  low  temperatures  and  It  is  also  an  electrical  Insulator. 

The  mass  (and  heat  capacity)  of  the  thermometer  attachment  system  has  been  significantly 
reduced  which  allows  a faster  time  response  than  was  possible  before. 

Another  change  in  the  X(H)  system  was  made  to  allow  better  null  temperature  control 
between  the  TEMPERING  POST  end  the  specimen.  The  condition  T(specimen)  - T(temperlng 
post)  ® 0 must  be  maintained  in  order  to  eliminate  heat  flow  between  the  specimen  and  the 
tempering  post.  A differential  thermocouple  is  used  as  a sensor  in  the  automatic  control 
circuit  used  to  maintain  this  zero  temperature  difference.  It  is  essential  that  the 
thermocouple  be  electrically  Isolated  from  the  system  ground  and  yet  be  in  very  good 
thermal  contact  with  both  the  POST  and  the  specimen.  The  thermal  and  electrical  properties 
of  sapphire  are  again  used  to  advantage  as  shown  in  figure  3.  The  previous  method  of 
electrically  Isolatlug  the  junctions  was  to  place  cigarette  paper  between  the  wires  and 
the  surfaces  where  the  temperature  was  to  be  sensed. 

The  resistance  of  the  CRT's  had  been  measured  using  an  a.c.  Icck-in  amplifier  as  both 
the  bridge  power  supply  and  null  detector.  This  system  has  been  replaced,  at  least  for 
the  present  time,  by  a d.c.  Wheatstone  bridge.  Resistance  measurements  made  with  the  d.c. 
system  are  more  precise;  however,  current  reversing  procedures  must  be  followed  which 
amounts  to  doubling  the  number  of  readings  compared  to  the  a.c.  system. 

2.2  Materials 

One  alloy,  S30400  (AIRI  304),  was  tested  during  this  reporting  period.  The  composition 
in  weight  percent  of  a specimen  of  this  material  taken  from  the  same  stock  as  the  X(H) 
specimen  is  as  follows:  C ■ 0.07,  Cr  - 17.82,  Mn  « 1.05,  Ni  - 8.94,  P * 0.022,  Si  - 0.37, 

S “ 0.012,  and  the  balance  is  Fe.  The  test  specimen  was  annealed  at  1000®C  for  1.5  hours 
in  a vacuum  of  0.133  Pa.  The  residual  resistance  ratio  (RRR)  for  the  specimen  is  1.43. 

The  Rockwell  hardness  of  material  adjacent  to  the  X(H)  specimen  is  B93  in  the  unannealed 
condition  und  B71  in  LAe  annealed  condition. 

3.  Results  and  Discussion 

The  changes  in  the  method  of  mounting  the  thermometurs  and  in  reading  the  thermometer 
resistances  appear  to  have  Increased  the  precision  of  the  temperature  measurements.  Pre- 
viously, the  calibration  of  the  CRT's  by  comparison  to  the  calibrated  germanium  resistance 
thermometer  yielded  an  analytical  representation  with  an  imprecision  of  5 mK  for  the  CRT 
nearest  the  TEMPERATURE  CONTROLLED  HEAT  SINK  and  9 mK  for  the  CRT  nearest  the  SPECIMEN 
HEATER.  The  initial  tests  on  S30400  indicate  that  these  Impreclslons  have  been  reduced  to 
about  2 mK  and  4 mK  reapectlvely. 


The  present  data  for  the  thermal  conductivity  of  S30400  at  H - 0 and  H = 6366  kA/m 
(80  kOe)  are  shown  in  figure  4.  Data  were  also  taken  at  796  kA/m  (10  kOe) , but  are 
Indistinguishable  from  the  H * 0 data.  A comparison  of  the  present  zero  field  thermal 
conductivity  data  with  data  for  a similar  material  Inolcaces  that  there  are  no  significant 
systematic  errors  present  in  the  H “ 0 determination.  Table  1 s.iows  the  compositions  of  the 
present  speci’nen  and  a similar  material  for  which  there  are  low  temperature  thermal  con- 
ductivity data  [3]. 
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COMPOSITION  (wt.  X) 


S30400 

S34700 

Cr 

17.82 

17.17 

Ni 

8.94 

11.52 

Si 

0.37 

0.59 

C 

0.07 

0.057 

Mn 

1.05 

1.34  1 

P 

0.022 

0.14 

S 

0.012 

0.007 

Ni  + Ta 

— 

1.10  ' 

Fe 

bal. 

bal. 

Table  1.  Comparative  compositions  of  two  stainless  steels. 

A comparison  of  the  thermal  conductivities  at  H ■ 0 for  these  materials  Is  given  In  table 

2. 


TEMPERATURE 


^S34700'^^S30400 


Table  2.  Ratio  of  thermal 
conductivities  of  two  stainless  steels  at  H “ 0. 

Clark,  et  al.  [4]  found  the  RRK  for  their  S 30400  specimen  to  be  1.42.  The  RRR  for  the 
present  specimen  was  determined  to  be  1.43.  This  excellent  agreement  Indicates  that  the 
specimen  used  by  Clark  f.nd  the  present  >pecimen  are  electrically  similar. 

The  general  effect  of  a magnetic  field  is  to  reduce  the  thermal  conductivity  as  shown 
in  figure  4.  The  reduction  from  zero  field  values  caused  by  a 6366  kA/m  (80  kOe)  field  is 
9.2%  at  5.5  K and  6.7%  at  19.75  K for  S 30400.  Similar  data  reported  earlier  [5]  show  the 
corresponding  reduction  in  conductivity  for  M07718  to  be  8%  at  5.5  K and  3%  at  19.5  K;  for 
S3X000  the  reduction  is  20%  at.  5.25  K and  11%  at  19.5  K.  The  field  effect  is  seen  to  be 
slightly  greater  in  the  S 30400  than  in  the  N07718,  as  would  be  expected.  The  lorenz 
numbers  for  the  Ni-Cr  alloys  are  typically  higher  than  those  for  stainless  steels.  This 
indicates  a stronger  ’attice  component  of  thermal  conductivity  and  therefore  a smaller 
magnetic  field  effect.  The  present  data  exhibit  a considerably  smaller  field  dependence 
of  thermal  conductivity  than  was  observed  for  the  S 31000  specimen.  The  variation  in  the 
field  effect  on  the  two  stainless  specimens  is  not  understood  at  the  present  time. 

4.  Conclusions 

The  zero  field  thermal  conductivity  data  for  S30400  is  very  clo.je  to  that  taken  for  a 
similar  steel  in  a high  precision,  zero  field  thermal  conductivity  system.  The  reduction 
in  X of  S30400  caused  by  a 6366  kA/m  magnetic  field  is  9.2%  at  5.S  K and  6.7%  at  19.75  K. 
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MAGNETOTHERMAI,  CONDUCTIVITY  OF  SELECTED  PURE  METALS  AND  ALLOYS 

L.  L.  Sparks 

Cryogenics  Division 
NBS  - Institute  for  Basic  Standards 
Boulder,  Colorado  80302 

ABSTRACT 

The  magnetothermal  conductivity  program  was  initiated  to  determine 

the  effect  of  a magnetic  field  on  the  thermal  resistance  of  technically 

important  metals.  The  experiments  are  done  in  magnetic  fields  up  to 
kA 

636G  — (80  kOe)  and  cover  the  temperature  range  from  4 to  20  K.  The 

results  of  this  study  are  presented  for  a Ni-Cr-Fe  alloy,  AISI  310  stain- 
less steel,  oxygen-free  copper,  and  a high  purity  copper  specimen.  A 
magnetic  field  typically  Increases  the  electronic  thermal  resistance  and 
thus  lowers  the  total  thermal  conductivity  of  a metal.  The  magnetic  field 
effect  at  constant  temperature  is  shown  by  the  relative  change  in  therTjal 
resistance,  AW/W^^^q,  wh«'re  AU  is  defined  as  Our  experltT.ental 

data  show  that  the  effect  of  a 6366  kA/m  (80  kOe)  magnetic  field  on  the  Ni- 
Cr-Fe  alloy  is  to  Increase  by  0.08  at  5 K and  0.03  at  19  K.  The 

corresponding  values  for  AISI  310  are  0.28  at  5 K and  0.10  at  19  K.  The 
thermal  resistivity  of  the  better  conductors  was  found  to  be  affected  more 
strongly.  A 6366  kA/m  (80  kOe)  magnetic  field  causes  AW/W  _ to  Increase 

rl*U 

to  1.3  at  5.5  K and  0.8  at  19  K for  oxygen-free  copper;  for  the  high  purity 

copper,  AW/W  ^ Increases  to  3.4  at  5.5  K and  2.7  at  20  K. 
n-'*U 

Key  words:  Copper;  low  temperature;  magnetothermal  conductivity;  nickel 

alloy;  stainless  steel;  thermal  conductivity. 
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MAGNETOTHERMAL  CONDUCTIVITY  OF  SELECTED  PURE  METALS  AND  ALLOYS* 

L.  L.  Sparks 

Cryogenics  Division 
NBS  - Institute  for  Basic  Standards 
Boulder » Coxorado  80302 

INTRODUCTION 

The  objective  is  to  determine  the  effect  of  magnetic  fields  on  the 
thermal  conductivity  of  technically  important  metals.  The  need  for  this 
information  arises  from  the  development  of  rotating  machinery  operating  at 
cryogenic  temperatures.  The  existing  literature  on  magnetothermal 
conductivity,  X(H),  is  concerned  almost  exclusively  with  scientific 
materials,  e.g.,  very  pure  materials  and  single  crystals.  A complete 
bibliography  of  magnetothermal  conductl.  ' was  given  by  Sparks  and 
Fickett?’ 

The  materials  studied  in  this  program  are  being  used  or  have  potential 
use  in  superconducting  motors  and  generators.  Optimum  design  of  these 
machines,  which  must  operate  at  low  temperatures  while  in  magnetic 
fields,  reauires  a detailed  knowledge  of  how  the  thermal  properties  of 
the  constituent  materiala  are  affected  by  a magnetic  field.  The  brocd 
material  categories  of  interest  include  superconductor  stabilizing 
materials  such  as  copper  and  aluminum,  and  structural  materials  such  as 
nickel  alloys,  stainless  steels,  and  metallic  composites. 

APPARATUS  AND  EXPERIMENTAL  PROCEDURES 

The  experimental  determination  of  the  X(H)  of  metals  in  high  fields  is 
complicated  by  the  requirement  that  the  specimen  be  contained  in  a region 
of  homogeneous  field.  For  magnets  of  reasonable  size,  this  restriction 
necessitates  small  specimen  lengths  and  resultant  small  temperature  dif- 
ferences along  the  specimens.  The  X(H)  probe  employed  in  this  study  was 
designed  to  be  used  in  a superconducting  solenoid  with  a 3.8  cm  bore  and 
a 2.5  cm  homogeneous  (1%)  field  sphere.  Specimen  lengths  are  therefore 
limited  to  approximately  2.5  cm. 
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The  principle  components  of  the  X(H)  system  are  shown  in  figure  1.  A 
I specimen  is  shown  with  its  axis  mounted  parallel  to  the  magnetic  field. 

I This  configuration  is  used  to  determine  the  longitudinal  X(H).  Provisions 

I for  making  transverse  X(H)  measurements  (heat  flow  perpendicular  to  the 

1 direction  of  the  field)  have  been  included  in  the  system  design. 


The  basic  operation  of  the  system  involves  balancing  electrical  power 
supplied  to  three  heaters  with  the  heat  leak  to  the  liquid  helium  bath  via 
the  THERMAL  LINKS  (capitalized  parts  refer  to  figure  1).  The  electrical 
heaters  v/ere  wound,  one  each,  on  the  TEMPERATURE  CONTROLLED  HEAT  SINK  (TCHS) , 
the  SPECIMEN,  and  the  TEMPERING  POST.  The  power  supplied  to  the  TCHS 
determines  the  approximate  temperature  of  the  specimen;  the  SPECIMEN  HEATER 
is  used  to  establish  a temperature  gradient  along  the  specimen;  and  the 
TEMPERINvl  POST  HEATER  is  used  to  reduce  the  temperature  difference 
between  the  specimen  and  the  tempering  post  to  less  than  + 5 mK.  The 
TEMPERING  POST  and  TCHS  heaters  are  automatically  controlled  during  all 
tests  while  a constant  current  is  supplied  to  the  SPECIMEN  HEATER. 

The  thermometers  used  in  the  probe  are  three  1/8  watt,  100  ohm  Allen 
Bradley*  carbon  resistors  (CRT's)  and  a single  calibrated  germanium  resistor 
(GRT).  The  CRT's  are  located,  one  each,  in  the  TCHS,  and  the  two  THERMO- 
METER BLOCKS.  The  GRT  is  located  in  the  TCHS  and  is  used  for  zero- 
maguetic-f leld  calibration  of  the  CRT  resistors.  The  effect  of  the 

magnetic  field  on  the  resistance  of  the  CRT's  is  taken  to  be  that  published 

2 

by  Neuringer  and  Shaplra  . Resistance  measurements  on  the  two  specimen 
CRT's  are  made  using  a lock-in  amplifier  as  both  detector  and  power 
supply  for  an  AC  bridge.  Both  absolute  and  difference  resistance  measure- 
ments are  possible  using  this  system. 

The  thermal  conductivity  of  a specimen  is  computed  from  the  specimen 
geometry  (Area/length) , the  specimen  heater  power  (Q) , and  the  measured 
temperature  difference  along  the  specimen  (AT).  The  relationship  of  X to 
these  parameters  is  given  by 


-J2_ 

f iT 


(1) 


The  use  of  trade  names  of  specific  products  is  essential  to  a proper 
understanding  of  the  work  presented.  Their  use  in  no  way  implies  any 
approval,  endorsement,  or  recommendation  by  the  National  Bureau  of 
Standards. 


0 


0 


0 


:> 


v) 


3 


$ 


f * 


S 


1 


351< 


62 


( 


o 


0 


0 


o 


u 


>.) 


o 


r i 

t I 


A series  of  measurements  of  AT  and  Q at  various  fields*  (C  £ H £ 6366  kA/m 
or  80  kOe)  and  temperatures  (4  < T < 20  K)  result  in  the  data  presented  in 
this  report. 

MATERIALS 

A total  of  four  materials  have  been  tested — Ni-Cr-Fe  alloy  UNS-N07718, 
oxygen-free  copper  UNS-C10200.  stainless  steel  UNS-S31000.  and  a high  purity 
copper  referred  to  as  N8S-B  stock  7.  UNS-N07718  was  tested  in  the  age-hardened 

condition  with  a Rockwell  hardness  of  C3d  and  an  average  grain  diameter  of 
0.06  mm.  The  composition  in  weight  percent  for  this  material  is:  Ni  - 54.57, 

Cr  - 18.06,  Fe  - 17.08,  Nb  + Ta  - 5.12,  Mo  - 3.18,  Ti  - 0.85,  A1  - 0.44, 

Mn  “ 0.29,  Si  * 0.24,  Cu,  C,  and  S < O.IZ;  the  residual  resistance  ratio 
(RRR  ■ ^273K^^4K^  1.06.  The  UNS-S31000  stainless  steel  was  measured  in 

the  cold  worked  condition;  its  Rockwell  hardness  is  B77  and  its  RRR  - 1.27. 

The  composition  in  weight  percent  for  this  material  is:  C - 0.13,  Mn  - 1.72, 
r ■ 0.016,  S “ 0.018,  Si  ■ 0.84,  Cr  “ 24.47,  Ni  ■ 20.44,  and  Fe  balance.  Both 
polycrystalline  copper  specimens  were  vacuum  annealed  at  850“C  for  one  hour. 

RRR  for  the  UNS-C10200  copper  specimen  is  107.  The  electrical  resistivity 
of  the  NBS-B  stock  7 copper  specimen  was  too  low  to  be  measured  in  the 
X(H)  system;  however,  extensive  work  by  Fickett  on  the  electrical  resistivity 
of  this  copper  stock  Indicates  that  RRR  *■  1520  for  heat  treatments  similar  to 
that  of  our  specimen. 

RESULTS 

The  effect  of  a magnetic  field  on  the  thermal  conductivity  of  UNS-N07718 
is  shown  as  a function  of  temperature  in  figure  2.  Data  are  shown  only  for 
0 and  6366  kA/m  (80  kOe)  fields;  curves  for  H » 796,  1592,  and  3183  kA/ra 
(10,  20,  and  40  kOe  respectively)  fall  between  the  two  curves  shown.  The 
estimated  10%  uncertainty  of  a single  data  point  would  indicate  that  the 
data  at  0 and  6366  kA/m  (80  kOe)  are  Indistinguishable.  However,  the  curves 
drawn  through  the  data  points  indicate  a definite  trend  to  lower  thermal 
conductivities  at  6366  kA/m  (80  kOe).  The  zejo  field  data  for  UNS-N07718 
is  within  10%  of  the  zero  field  data  by  Must,  et  alt  for  a similar  Ni-Cr-Fe 
specimen. 

Preliminary  data  for  the  thermal  conductivity  as  a function  oJ  tempera- 
ture for  UNS-S31000  stainless  steel  are  shown  in  figure  3.  Again,  only  the 
0 and  6366  kA/m  (80  kOe)  curves  are  shown. 


* The  International  System  of  Units  (SI)  designation  for  magnetic  field  strength 
is  ampere  per  meter,  and  this  unit  is  used  throughout  this  paper.  The  more  con- 
ventional unit  of  nagnetic  field  strength,  the  oersted,  is  also  given.  Conversion 
of  oersteds  to  amperes/meter  is  accomplished  by  multiplying  oersteds  by  1000/4),. 
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The  thermal  conductivity  and  magnetic  field  effect  are  shown  in  figure 
A for  UNS-C10200  copper.  To  my  knowledge  there  are  two  other  sources  of 
zero  field  thermal  conductivity  data  for  similar  copper  in  the  literature. 

Powers,  et  al.^  give  no  RRR  for  their  specimen,  which  has  a conductivity 
about  50%  lower  than  these  data  at  20  K.  Hust  and  Giarratano^  find  a conducti- 
vity about  90%  higher  than  these  data  for  a specimen  whose  RRR  * 230.  This 

range  of  results  is  indicative  of  the  sensitivity  of  the  thermal  conducti- 
vity in  this  temperature  range  to  trace  impurities  and  heat  treatment. 

Fevrier  and  Morize^  measured  the  magnetothermal  conductivity  of  two  copper 
wires  with  RRR  * 62  and  162  near  A K.  Our  data  fall  generally  between 

the  curves  for  their  two  specimens  as  one  would  expect. 

Data  for  NCS-E  stock  7 copper  are  shown  in  figure  5.  The  experimental 
points  at  H * 0 represent  averages  while  the  experimental  points  for  H 
^ 0 are  single  data  points.  The  extremely  high  conductivity  at  zero 
field  is  near  the  limit  of  what  can  be  measured  in  the  present  system. 

Repeat  runs  and  data  averaging  were  used  to  Inc’  >ase  the  reliability  of 
the  zero  field  results.  The  source  of  the  curve  drawn  through  the  H * 0 
data  will  be  discussed  later  in  this  paper. 

DISCUSSION 

Our  data  indicate  that  a 6366  kA/m  (80  kOe)  magnetic  field  reduces  the 
thermal  conductivity  of  cur  UNS-N07718  specimen  by  8%  at  5.5  K and  by  3%  at 

19.5  K.  An  estimate  of  the  electronic  contribution  to  the  thermal  conductivity 

of  this  alloy  can  be  made  using  the  Lorenz  ratio  (L  * pX/T)  given  by  Hust 

Q 2 2 

and  Sparks?  and  L = 2.A  x 10  V /K  . This  estimate  indicates  that  the 
electrons  carry  roughly  25%  of  the  heat  flow  at  5 K and  18%  at  19  K.  The 
Lorenz  numbers  for  stainless  steels  are  typically  lower  than  those  for  Ni- 
Cr-Fe  alloys  by  approximately  a factor  of  2.  This  would  suggest  a larger 
electronic  component  in  stainless  steels,  and  consequently  a larger  field 
effect.  The  effect  of  a 6366  kA/ra  (80  kOe)  field  on  the  UNS-S31000  stainless 
steel  specimen  is  to  reduce  the  conductivity  by  20%  at  5.25  K and  11%  at 

19.5  K as  determined  at  the  extremes  of  temperature  as  shown  in  figure  3. 

At  Intermediate  temperatures  tne  field  appears  to  have  little  effect  on  the 
thermal  conductivity,  l.e.,  the  H = 0 and  H =®  6366  kA/m  (80  kOe)  data  are 
the  same  within  the  stated  experimental  uncertainty.  This  behavio  ' was  un- 
expected and  is  unexplained  at  the  present  time.  Further  work  on  similar  alloys 
should  help  to  determine  whecher  the  observed  behavior  is  due  to  some  scattering 
phenomenon  cr  possible  experimental  error. 
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The  zero  field  thermal  conductivity  of  the  present  data  (figure  4) 
for  UNS-C10200  copper  exhibits  a nearly  linear  decrease  with  decreasing 
temperature.  This  Is  the  behavior  expected  for  Impurity  scattering  of 
electrons.  The  effect  of  the  magnetic  field  Is  to  reduce  the  thermal 
conductivity  of  our  UN:S-C10200  copper  specimen  by  45%  at  6366  kA/m  (80  kOe) 
and  19  K and  by  60%  at  6366  kA/m  (80  kOa)  and  5 K. 

The  very  hlg.i  thermal  conductivity  of  the  K3S-B  stock  7 copper  specimen 
causes  experimental  difficulties  that  result  In  lower  accuracy  In  the  zero 
field  runs  than  was  the  case  for  the  lower  conductivity  materials.  The 
solid  curve  shown  In  figure  5 for  H ■ 0 was  derived  using  the  relationship^ 

1/X  - W - AT*^  + B/T  - 3.02  x lO"®  T^*^^  + 4.7  x 10"^/T.  (2) 

This  equation  represents  the  experimental  data  within  the  experimental  accuracy; 
the  units  of  W are  mK/W.  The  effect  of  a magnetic  field  Is  Included  in  figure 
5.  The  anomalous  decrease  shown  in  this  figure  for  A at  1592  kA/m  (20  kOe) 
and  high  temperatures  is  probably  not  real;  the  single  data  point  at  21  K 
appears  to  be  bad,  but  no  reason  can  be  found  to  discard  It.  Figure  6 
presents  the  relative  change  In  thermal  resistivity 

as  a function  of  magnetic  field.  The  high  temperature,  the  1592  k^'/ra  (20  kOe) 
data  have  been  Ignored  In  this  figure  due  to  Its  anomalously  low  value. 

Ihe  result  Is  that,  although  the  exact  placement  and  shape  of  the  knee  is 
somewhat  questionable,  there  is  no  doubt  a rapid  decrease  in  slope  of  AW 

H=0 

in  the  796  to  3183  kA/ra  (10  to  40  kOe)  range.  A similar  plot  of  AW/W„  . 

H*0 

for  UNS-CK^OO  copper  Is  shown  in  figure  7;  there  is  nn  rapid  change  In  the 
slope  of  AW/Wj^^q  for  this  .aaterlal.  A magnetic  field  should  affect  the 
electronic  conductivity  strongly  whenever  u)T  ^ 1 where  u)  Is  the  angular 
frequency  and  t Is  the  relaxation  time,  u)  is  proportional  to  the  magnetic 
field  as  Indicated  by  the  cyclotron  relationship  u)  ■ eH/mc.  Further, 

T (high  purity  copper)  > t (low  purity  copper),  so  that  with  increasing 
fields  (i)T  becomes  large  for  the  high  purity  stock  7 copper  before  It  does 
for  the  UNS-C10200  copper  specimen;  consequently,  the  effect  of  a magnetic 
field  should  be  seen  at  lower  fields  for  the  stock  7 copper  than  for  UNS- 
C10200  copper.  A comparison  of  the  date  In  figures  6 and  7 shows  this  to  be 
the  case. 
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In  conclusion,  the  effect  of  a magnetic  field  on  structural  alloys, 
such  as  the  Ni-Cr-Fe  and  stainless  steel  reported  here,  is  relatively  small. 
The  results  are  not  inconsistent  with  estimates  of  the  possible  field 
effects  using  Lorenz  ratio  data.  Good  conductors  such  as  the  two  copper 
specimens  show  greater  field  effects  which  are  to  be  expected  due  to  the 
large  electronic  component  of  the  thermal  conductivity. 
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H *1592 kA/a  (20  k0») 


lEMPtMTURE,  K 


niomol  conducclvltjr  of  kl|h  purltp  coppor  <iU(K  - 
function  of  toaporotuio  fot  II  - 0,  7»4,  1592,  31(3 
(0,  10,  20,  40,  and  00  kOo  roopocttvolp). 
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Thermal  Conductlvlt 


Thermal  conductivity  data  are  reported  for  boron-epoxy  composites.  Comparisons  are 
made  with  existing  literature  data  and  material  variability  is  discussed.  ,v 
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THERMAL  COMDUCTIVITY 


J.  G.  Bust 

Cryogenics  Division 
Institute  for  Bssic  Stsndsrds 
Hstionsl  Burssu  of  Stsndsrds 
Boulder,  Colorsdo  80302 

1.  Introduction 

At  the  request  of  Mike  Jones  for  Watervliet  Arsenal  and  In  conjunction  with  the 
ARPA-NBS  superconducting  machinery  program,  the  thermal  conductivities  of  three 
specimens  of  boron-epoxy  composite  were  measured.  Both  a transverse  and  a longitudinal 
specimen  were  measured  using  a fixed-point  apparatus  and  a single  longitudinal 
specimen  was  measured  using  a variable-temperature  apparatus. 

2.  Apparatus  and  Specimen  Characterization 

A fixed-point  thermal  conductivity  apparatus  described  by  Must  [1,2]  was  used  to 
measure  transverse  and  longitudinal  boron-epoxy  composite  specimens.  The  specimens 
were  2.54  cm  in  diameter  and  3.56  cm  in  length.  Thermal  conductivity  measurements 
with  this  apparatus  are  performed  near  the  boiling  point  of  helium  (V  K)  and  nitrogen 
(76  K),  the  sublimation  point  of  CO2  (194  K),  and  the  ice-point  (273  K).  The  uncer- 
tainty of  these  measurements  is  estimated  to  be  + 10%. 

The  specimens  were  fabricated  from  5.6  mil  boron-epoxy  pre-impregnated  tape.  The 
boron  volume  fraction  was  about  48%.  The  void  fraction  is  stated  to  be  less  than 
2%  by  the  supplier.  A cursory  examination  of  the  material  suggests  that  the  void 
traction  is  appreciably  less  than  that. 

A longitudinal  specimen,  with  the  same  characteristics  as  above,  was  also  mea- 
sured in  a variable-temperature  apparatus.  The  specimen  was  23  cm  long  and  rectangular 
in  cross-section  (1.74  cm  x 2.56  cm).  The  variable-temperature  apparatus  is  designed 
to  obtain  data  as  a function  of  temperature  from  4 to  300  K and  is  more  ac<urate  tlian 
th>'  t ixed  point  apparatus.  This  apparatus  is  described  in  detail  by  llust  et  al.  |3|. 

3.  Kesults 

Fleasuremcnts  were  performed  on  a longitudinal  specimen  (i.o.,  in  the  direct iun  i>' 
the  boron  fibers)  of  boron-epoxy  composite  at  temperatures  from  4 to  300  K using  t lie 
variable-temperature  apparatus.  The  experimental  data  are  listed  in  table  I and 
illustrated  in  figure  1.  The  following  equation  was  least-squares  fitted  tu  these 
data  using  ortitonormal  fitting  techniques: 

^ i • I 

«,n>.  - )'  a |fnT|  <1) 

1=1  ' 

in  thmrrnal  comiuct ivltv  in  W*m  ^ and  T is  temperature  in  kelvin.  The  deviatier- 

o'  thi'  experimental  data  from  tills  representation  are  listed  in  t.able  1’  and  are  illus- 
I rated  in  figure  2.  The  parameters  obtained  by  1 east -squares  fitting  are  listed  in 
(able  3.  Tabular  values  of  A as  computed  from  the  above  equation  are  listed  in 
table  A and  illustrated  in  figure  3. 
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Measurements  were  conducted  on  both  a longitudinal  and  a transverse  specimen  using 
the  fixed  point  apparatus.  The  resulting  values  of  thermal  conductivity  are  listed 
in  table  5 and  plotted  In  figure  3.  The  uncertainty  of  the  smoothed  data  obtained  with 
the  variable-temperature  apparatus  is  estimated  at  + A%  and  the  uncertainty  of  the 
fixed-point  apparatus  data  Is  estimated  at  + 10%. 


Literature  data  for  similar  composites  have  been  compiled  by  Kasen  [4].  These 
data  f5,6|  are  included  schematically  in  figure  3 for  comparison  to  the  data  from  this 
research.  Reasonable  agreement  Is  observed  between  the  literature  data  and  the 
longitudinal  specimen  measured  in  the  variable  temperature  apparatus  and  the  transverse 
specimen.  However,  the  longitudinal  specimen  measured  In  the  fixed-point  apparatus  has 
a conductivity  lower  by  about  50%  than  the  other  longitudinal  specimen. 

I At  ambient  temperature  the  thermal  conductlvl-y  of  crystalline  boron  is  20  W*m~^*K~^ 

; and  the  thermal  conductivity  of  epoxy  Is  typically  about  0.2  W*m“l*K“^.  Since  these 

composites  are  about  50%  boron  one  would  expect  a conductivity  near  10  W*m“^*K“^  In- 
ste.ad  of  i - 2 W*m“l*K  The  observed  results  suggest  the  presence  of  strong  phonon 
scattering  in  the  boron  fibers.  These  fibers  are  fabricated  by  vapor  deposition  of 
boron  on  a 0.5  mil  diameter  tungsten  wire  substrate.  (See  reference  7 for  details). 

I During  the  fabrication  process  compounds  of  tungsten  and  boron  are  formed  at  the  center 

■ of  the  final  filament  and  the  major  outer  portion  Is  reported  to  be  pure  amorphous  or 

■ microcrystalline  boron.  The  center  portion  has  a lower  thermal  conductivity,  but  since 

W it  represents  only  a few  percent  of  the  cross  section  of  the  total  filament.  Its  effect 

I j,  on  redviclng  conductivity  can  be  neglected.  If  the  outer  boron  portion  of  the  filament 

I I;  is  in  a highly  disordered  or  amorphous  state,  the  thermal  conductivity  would  be  con- 

r siderably  reduced  from  that  of  crystalline  boron.  It  is  suggested  In  reference  7 that 

the  boron  is  amorphous  or  microcrystalline  structure  with  an  effective  crystal  size 

of  near  20  X.  Boundary  scattering  of  the  heat  carriers  (phonons)  from  such  small 
crystals  is  sufficient  to  reduce  the  thermal  conductivity  considerably  since  the  phonon- 
phonon  scattering  mean  free  path  at  ambient  temperature  Is  near  25  A.  The  phonon-phonon 
mean  free  path,  f,,  is  estimated  from  bulk  boron  thermal  data  and  the  classical  equation 
' = 1/3  CvS,.  It  is  likely  that  significant  crystal  size  variations  occur  between 
different  production  runs  of  boron  filaments.  Thus,  one  would  expect  large  batch-to- 
batrh  variations  in  thermal  conductivity  of  the  longitudinal  specimens,  which  Is  con- 
sistent with  the  observed  results. 


In  the  transverse  direction  one  can  estimate  the  conductivity  of  the  composite 
t rum  a knowledge  of  the  epoxy  conductivity  and  the  relative  amount  of  epoxy  present. 
From  such  considerations  for  this  composite  one  obtains  a value  of  conductivity  of 
.ihoiit  1 to  4 times  greater  than  the  conductivity  of  epoxy.  This  corresponds  to  0.6 


-1 .v-1 


to  0.8  W*m-^*K 
sored  value  of 


t ambient  temperature 
0.6  W*m“l*K“^.  Similar 


which  Is  In  reasonable  agreement  with  the  mea- 
agreement  is  obtained  at  low  temperature. 
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NOTES  i-eLATINC  TO  TABLES 

THE  DATA  LISTED  AfF,  IN  PART,  CARO  IMAGES  OF  EXPERIMENTAL  DATA  AS  READ  INTO 
THE  COMPUTER  FOR  DATA  PROCESSING.  ThESE  DATA  ARE  CENERALLT  UNLABELLEO.  TiC 
FOLLONING  IS  A LINE  UT  LINE  tXPLANATIDN  OF  THESE  TABLES. 


TABLE  1 (GRADIENT  DATA) 

LINE  1-  DATA  lOENTIFTtAtlON 

LINE  2-  EPFS  OF  TMERPCCOUPLFS  1 THRU  6 (FlCROvOLTSI 

LINE  3-  PLATINUM  RESIST ANCi.  THEPPOMEIcR  CURRENT  «MILLIAHPS».  ®EFcR£WE 

PLATINUM  THrOOvriEt.  VOLTAGE  IPICROVOLTSI  , FLOATING  SINK  PLATINUM 
TMERMONETER  voltage  I 'iLROl/OLTSI . GbRHANlUH  THinHOMcTcR  CURRENT 
INICROAMPSi.  F.EFcRENCE  oEHHANIUM  TM-.P  M0”£  TER  VOLTAGE  « M ICROVOLTS  > , 
FLOATING  SINK  utRHANlUM  THERMOPEI'R  IMICRUVOLTSI 
LINE  L*  KFEGECK  FMF  IHIOROVCLTSi . SPECIMEN  VOLT  AG'  «M ICROXDLTSI  , SRECIMEN 
CURRENT  (MILLIAnPSI.  SPlCIMlN  HtiIE«  VOLTAGE  IVOLTSI.  SPEClMtN 
HEATEP  CURRENT  IKILLIAMPSi.  C^VOGFNrC  GATH  PRuSSOfE  I HP  OF  HOT, 

ROOM  TEPPERATURf.  (OfCiCES  C».  CRYOGtNIC  bATH  COO:  ll*LIOUIO  HELIUM. 
2>LIOUIO  HVOKCGIN,  JxtllUIO  NITROGEN,  L=CRY  ICE-ALCOHOL.  'xICE  UATERI 


TA-3LE  2 

THtSE  UATA  ARE  StPI-f'ROCl  SSE  O CJNPUIEi  OOT  ''I.  TtfVERAT'JRt  IS  KELVIN. 
THERMAL  CONDUCTIVITY  IS  IN  HATTS  PE®  fETEk  PER  KiLUlN,  ELECTRICAL 
R.iSISTANC£  IS  IN  OHMS,  AtiO  IM  P PC  VOL  T AGE  IS  l\  MICROVOLTS. 


BORON-EPOXY  ILII 


TAJP0ER  OF  CALIBRATION,  ISOIH'.RtAL,  ANY  GRAOIENI  RUNS,  } THf CCO UPLf  S 
to  -C  U f 


thermocouple  PCSITIONS  (CPI 

O.OCOO  P.SLCC  5.0R0C  7.623C  10.16CO  IZ.TOoC  17.7030 


SP»CI**CN  OIAPfTERS  BEThEiN  THE  RHCUUUPLT  S (GMI 

2.3Pt?  2.S81E  2. TBit  2.3H1'  2.3AI';  2.JT1E  2.3A15 
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««SIC  SEHI-PROCCSSEO  TEfPEVATIME  MAOIENT  OAT*  FOR 
SOROM-EFOKY  ILII 


THERMAL  CONOUCTIVITV  OAT*  FOR  0>CP0XY(L1I  ZAMAV  F5  1SL5 
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6»i>ao  •••osz 
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55. T5 
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115.17 
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•a.ooaa 
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-0.00 
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4-29.86 

-0.93 

•0.00 

-0.03 

1.356C 

6.6977 

632.7  74.3 
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TEMP 

FLOATING 

SINK  TE6P 
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PRT 
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P»T 

GRT 
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0.030 
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TFNP 
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GRT 
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P-EPOXi !Lll 
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THERMAL  CONOUCTIWITY  DATA  FOR  B-£P0XY»L1I  20MAV  75  1040  10 

129^.18”  1«%. 36  “1621.. lir  1797.60' ~ 196T.9&  2124. 40  2293.26 

2.0010  9318.08  23036.00  -0.0000  -0.00  -0.30 

-0.00  -0.00  -0.00  7.2740  35.7000  634.5  23.8 

REFERENCE  TEMP  FLOATING  SINK  TEMP  SPECIMEN  HEATER 


2450.64 
3.  0 


PRT  “ 
76. 067 


XRT  * 

0.000 


TRT 

138.550 


GRT 

0.000 


RESrSTANCr 


“ POHTR 
.2596BE»00 


THERMAL  CONOUCTIWITY  DATA  FOR  6-EPOXYILU 
348.66  468. 5>«  584.94  712.57 

2.QQ00  9290.28  12589.00  -0.0000 

-0.80  -ir.Tir  -0.00  6.5?60 

REFERENCE  TEMP  FLOATING  SINK  TEMP 
PRT  GRT  PRT  GRT 

75.962  0.000  90.790  0.000 


18  MAY  751155 
835.65  956.94 

-0.00  -0.30 

32.0900  633r7  25.5 

SPECIMFN  HEATER 

RESISTANCE  POWER 

0.  .209<.2E»C0 


1083.82  1203. 9« 
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THERMAL  CONOUCTIWITY  DATA  FOR  B-ePOXYitll  14  MAY  75  1345 


126.^0-  I95^Jtr 
2.0U25  34565.00 

-8.00  -0.00 

REFERENCE  TEMP 
PRT  CRT 


• 263.?0  334.80 

35520.00  -0.0000 

•0.00  4.5540 

FLOATING  SINK  TEMP 
PRT  GRT 


193.251 


Q.OOS 


197.391 


0.  OOd 


403. -80  469.70 

-0.00  -0.00 

22.3600  -0.0 

SPECIMEN 
RESISTANCE 
0. 


- 537.00 

23.0 
HEATER 
POWER 

. 101S3E»00 


600.20 
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thermal  conductivity  data  fur  O-tPOXYILlI  15  MAY  75  2140 


591.89  776.83 

2.0010  34720.00 

•0.00  -0.00 

reference  temp 

PKT  GRT 

194.  118  0.000 


956.91  1149.69 

39595. OC  -0.0000 

•0.00  7.4000 

floating  sink  temp 

PRT  GRT 

217.087  0.000 


1335.47  1511.59 

•0.00  -0.00 

36.3000  -0.0 

SPECIMEN 
RESISTANCE 
0. 


1692.39  1859.22 


23.0 

HEATER 

POWER 

26862E»00 


THERMAL  CONDUCTIVITY  DATA  FOR  8-EPOXYILll 


48.78  102.73 
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-4 .00  -0 .30 
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PRT  GRt 
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5 14  20.0  0 
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TKBLE  2 THEKHAL  CONQUCTIVITY  DEVIATIONS  FOR 
- i»o«m“tjrr  ittt- — 


"TwrttAt-  ctmoucTTifrrr  uata  -roit  -B*cForrttu 

^OMAT  T5  1545 

MEAN 

TEMPERATURE 

OBSERVED 

CALCULATED 

PERCENT 

TCHPCRATURC 

DIFFERENCE 

THERMAL 

- THERMAL 

DEVIATION 

CONOUCTIVITT 

CONOUCTIVITT 

• 67  8 

~ .11T9CT01J 

.1912*03' 

-1.1 

6.  13  3 

.546 

.234E»00 

.230E*bD 

1 . 9 

6.654 

.495 

.258E*00 

. 265E*00 

-2.7 

7.  112 

. 421 

.304E*^0<] 

. 297E*0(I 

2.  3 

. . 7.515 

.390 

.328E»00 

. 325E*00 

.9 

7.  858 

.370 

.345E»D0 

.352E*00 

-1.9 

9 • 3 

• 3^  0 

■ .400ETOO 

.376E*00 

6.  0 

THERMAL  CONOUCTIVITT  DATA 

FOR  B-EPOATTLIT 

20MAT  75  1620 

MEAN 

TEMPERATURE 

OBSERVED 

CALCULATED 

PERCENT 

TEMPERATURE 

DIFFERENCE 

THERMAL 

THERMAL 

OEVIATION 

CONOUCTIVITT 

CONOUCTIVITT 

6«  2%0 

I.HIT 

.“365 1*  00 

.3762*05 

-2.  9 

9.510 

1. 122 

.461ET00 

. 466£*00 

-1.  0 

10.976 

1.009 

.513E*^00 

. 541E*00 

-5.5 

11.  506 

. 853 

.607E»00 

. b07E*00 

. 1 

12.  319 

.773 

.670C*00 

.6631*00 

1.0 

1 3.  071 

. 731 

.709Et00 

.715E*0U 

- . 

13.758 

.644- 

.0050*03 

. 7622*05 

5.3 

THERMAL  CONOUCTIVITT  DATA 

FOR  9-EPOXTTtlT 
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TABLE  3.  Parameters  in  equation  1 for  a longitudinal 
boron-epoxy  composite  specimen 
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TABLE  4.  Thermal  conductivity  values  of 

a longitudinal 

boron-epoxy  composite  specimen 

as  calculated 

from  equation 
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m ^*K 
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lA 
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1.65 

240 

1.84 

35 

1.80 

260 

1.85 

40 

1.91 

280 

1.87 

45 

1.98 

50 

2.02 

TABLE  5.  Thermal  conductivity  values  of  a transverse  and  a 
longitudinal  boron-epoxy  composite  specimen  as  measured 
using  the  fired-polnt  apparatus 


(K) 

7.83 

0.178 

82.0 

0.913 

196 

1.11 

280 

1.02 

14.7 

0.174 

86.7 

0.466 

200 

0.553 

280 

0.581 

352- 


133 


Longitudinal  Specim''n 


Transverse  Specimen 


; -T,'' 


TEHPERATURE(K«IvU) 


igure  1 - Fxperimental  data  on  lorgitL’dinal  boron-epoxy  composite  specimen. 
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Transverse 
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figure  3 - Thermal  conductivity  of  longitudinal  and  transverse  boron-epoxy  composite  speclmdns 
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Figure  6-16 


J resistance  curves  for  solution  treated,  quenched  and 
aged  A-286  stainless  steel. 
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Fatigue  crack  growth  rate  properties  for  A-286  stainless 
steel. 


‘v 


LIST  OF  FIGURES  (CONTINUED) 


Figure  7 

Figure  7 

Figure  7 
Figure  7 

Figure  7 

Figure  7 
Figure  7 

Figure 

Figure 

Figure 

Figure 


-1  Light  micrographs  of  specimens  from  alloy  X750,,  MP-1 

treated  at  various  conditions  (a)  S.A.  at  2100‘F  (1422  K) 
followed  by  standard  aging. (b)  S.A.  at  2100*F  (1422  K) 
followed  by  aging  2 hrs  at  1500*F  (843*C)  and  2 hrs  at 
1300*F.  (c)  S.A.  at  2100“F,  (1422  K)  2 hrs.  200X 

-2  Scanning  electron  micrographs  showing  grain  boundary 
carbides  in  X750  S.A.  for  2 hrs  at  2100*F  (1422  K) 

(a)  1225X  (b)  650X  (c)  600X. 

-3  PD-135  Cu  tensile  specimen  1512  tested  at  77  K (a) 

longitudinal  section  SOX  (b)  same,  200X  (c)  cross  section. 

-4  PD-135  Cu  tensile  specimen  1513,  tested  at  4.2  K (a) 

longitudinal  section  in  gauge  section  1 cm  frcui  fracture 
lOOX  (b)  cross  section  lOOX  (c)  fiacture  end  200X. 

-5  PD-135  Cu  longitudinal  section  of  notched-tensile  specimens 

(a)  tested  at  4.2  K,  specimen  1523  50X  (b)  same  200X 

(c)  tested  at.  77  K,  specimen  1522,  200X. 

-6  SEM  micrographs  showing  typical  dimpled  fracture  surfaces. 

PD-135  Cu,  tested  at  4.2  K,  specimen  1523  (a)  700X  (b)  1400X. 

-7  SEM  micrographs  of  fracture  surfaces,  notch  tensile  speci- 
men (1522),  PD-135  Cu  (a)  675X  (b)  2700X  Cu-PD  rich 
particle  (P)  at  bottom  of  dimple  (c)  650X  Cl,  K,  S,  Fe 
containing  inclusion  (I) . 

'-8  U-718  ligh  micrographs,  lOOX,  top  of  billet  (a)  outer 

section  (b)  same,  longitudinal  cut  (c)  inner  section 

(d)  same,  longitudinal  cut. 

'-9  U-718,  light  micrograph  lOOX,  bottom  of  billet  (a)  outer 

section  (b)  same,  longitudinal  cut  (c)  inner  section 
(d)  same,  longitudinal  cut. 

f-10  U-718  SEM  micrographs  from  various  sections  of  the  billet, 

as  received  (a)  top  inner  section  1400X  (b)  bottom  inner 
section  1200X  (c)  bottom  outer  section  2400X  (d)  top  outer 
section  2400X. 

^-11  Cellular  y'  (Ni3Nb)  precipitation  in  U-718  S.A.  at  1800*F 
(1225  K)  and  double  aged  (a)  bright  field  (b)  dark  filed 
(c)  diffraction  pattern  showing  the  dark  field  reflection. 
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FigurG  7~12  J—718,  STDA  transmission  clGctron  micrographs  (a,b)  typical 

CGllular  growth  of  y"  (Nl3Nb)  (c)  y'  + y"  precipitater 
in  grain  (d)  diffraction  pattern. 

Figure  7—13  U— 718  STDA,  transmission  electron  micrographs  (a,b)  particle- 
dislocation  networks  within  the  grain  (y'  + y") , grain 
boundaries  relatively  free  of  precipitation  (c)  diffraction 
pattern  M)  dark  field,  (001)  y'. 

Figure  7-14  1-718,  as  received.  SEM  micrographs  (a)  150X  (b)  300X 

(c)  1500X.  Energy  dispersive  x-ray  analyses  of  points  in 
(c)  are  shovm  in  Figure  7-15. 

Figure  7-15  Energy  dispersive  x-ray  spectra  (a)  particle  A,  Figure  7-14 
(b)  particle  B,  Figure  7-14  (c)  Matrix,  point  c.  Figure  7-14. 

Figure  7-16  Effect  of  solutloning  at  2100°  F (1422  K) , 1-718  (a)  250X 
(b)  650X  (c)  light  micrograph,  200X. 

Figure  7-17  Traucmlsslon  electron  micrographs  1-718,  solution  annealed 

at  2100  F (1422  K)  showing  M^C  carbide  film  in  grain  boundary. 

Figure  7-18  Effect  of  solutloning  at  1950°F  (1339  K) , 1-718  (a)  light 
micrograph  lOOX  (b)  SEM  micrograph  265X. 

Figure  7-19  Transmission  electron  micrograph,  1-718,  solution  annealed 
at  1950*F  (1339  K) . Diffraction  pattern  identifier  Ni_; 

Al,  Ti  (y')  and  Nl3Nb  (y").  ^ 

Figure  7-20  "Ghost"  boundaries  composed  of  MC  carbides  in  1-718  solution 
annealed  at  1800°F  (1225  K)  (a)  315X  (b)  1550X. 

Figure  7-21a  Transmission  electron  .^■'crographs  1-718  STDA  (a)  dark  field 
(001)  y'  (b)  bright  field  (c)  dark  field,  same  as  b, 
showing  y"  or  MC  carbides  in  grain  boundaries  and  within  the 
grain. 

Figure  7-21b  (d,e,f)  diffraction  pattern,  dark  field  and  bright  field, 

showing  MgC  precipitation  in  the  grain  boundary. 

Figure  7-22  Light  micrographs  of  fractured  tensile  specimen,  1-718  STDA 

(a)  longitudinal  section  specimen  6411  tested  at  RT  (b)  cross 
section,  as  on  a (c)  longitudinal  section  specimen  6413 
tested  at  4.2  K (d)  cross  section,  as  in  c.  200X 

Figure  7-23  Light  micrographs  longitudinal  sections  of  notch-tensile 

specimens,  1-718  STDA  (a)  tested  at  RT  (6421)  (b)  tested  at 
77  k (6422)  (c)  tested  at  4.2  K (6423)  200X  arrows  indicate 
cleavage  otherwise  intergranular  fracture. 
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Figure  7-24  SEM  micrographs,  fracture  surfaces,  1-718  STDA,  tested  at 
RT  (64U),  llOOX 

Figure  7-25  SEM  micrographs,  fracture  surfaces,  1-718  STDA,  tested  at 
4.2  K (6413)  (a)  300X  (b)  750X  (c)  2000X  (d)  3000X. 

Surface  covered  with  carbides. 

Figure  7-26  SEM  micrographs,  fracture  surfaces,  notch-tensile  speci- 
mens (a,b)  RT  test  (6421)  llOOX  (c)  4.2  K test  (6423) 
llOOX  (d)  as  in  c,  2300X. 

Figure  7-27  Auger  spectra,  fresh  fracture  surface  specimen  64XX  1-718, 
STDA. 

Figure  7-28  1-718,  STDA,  fracture  surfaces  (a)  scanning  auger  micro- 

graph of  carbon  distribution  250X  (b)  SEM  micrograph  of 
typical  fracture  appearance  200X. 

Figure  7-29  1-718  STDA,  scanning  auger  micrographs  of  a fresh  fractured 

surface,  500X  (a)  C272  ev  (b)  T1  385  ev  (c)  Cr  489  ev 
(d)  Mb  166  ev  (e)  Mo  222  ev. 

Figure  7-30  Light  micrographs  weld  tensile  specimen  6511,  1-718  weld 
+ STDA  tested  at  RT.  200X  (a)  longitudinal  section  at 
fracture  (b)  at  heat  affected  zone. 

Figure  7-31  Light  micrographs,  longitudinal  section,  weld  tensile 

specimen  6513,  1-718  weld  + STDA,  tested  at  4.2  K.  200X 

(a)  at  fracture  (b)  at  HAZ. 

Figure  7-32  SEM  micrographs,  fracture  surface  specimen  6511,  1-718 
weld  + STDA  tested  at  PT  (a)  200X  (b,c,d)  2000X. 

Figure  7-33  SEM  micrographs,  fracture  surface,  specimen  6513,  1-718 
weld  + STDA  tested  at  4.2  K (a)  500X  (b,c)  2000X. 

Figure  7-34  SEM  micrographs,  fracture  surface  specimen  6521,  notch- 
tsnsile  1-718,  weld  + STDA  tested  at  RT  (a)  20X  (b)  200X 
fracture  path  moved  to  HAZ  (c)  lOOOX  (d)  2000X  arrows 
indicate  ridges  of  carbide  film. 

Figure  7-35  Energy  dispersive  x-ray  spectra,  area  scan  of  Fig.  34C. 

Figure  7-36  Auger  spectra,  fusion  zone  fresh  fracture  surface, 

specimen  65XX.  1-718  weld  + STDA. 

Figure  7-37  Scanning  auger  micrographs,  fracture  surface,  1-718  weld 
+ STDA  (65XX) . 500X  (a)  carbon,  272  ev,  distribution 

(b)  oxygen  512  “v  distribution. 
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Figure  7-42 


Figure  7-43 


Figure  7-44 


Figure  7-45 


Figure  7-46 


Figure  7-47 


Figure  7-48 


Figure  7-49 


Light  micrographs,  longitudinal  section  HAZ  notch-tensile 
specimen  6621,  1-718  weld  + STDA  tested  at  RT  (a)  at 
fracture,  200X  (b)  HAZ  on  other  end,  507 

Light  micrographs,  longitudinal  section,  HAZ  notch-tensile 
specimen  6623,  1-718  weld  + STDA  tested  at  4.2  K (a)  at 
fracture,  200X  (b)  HAZ  on  other  end,  50X. 

SEM  micrographs,  fracture  surfaces,  HAZ  notch-tensile 
specimen  6621,  1-718  weld  + STDA  tested  at  RT  (a)  20X 
(b)  2000X  (c,d)  lOOOX. 

SEM  micrographs,  fracture  surfaces  HAZ  notch-tensile 
specimen  6623,  1-718  weld  + STDA  tested  at  4.2  K (a>  20X 

(b)  200X  (c,d)  2000X. 

Light  micrographs  Inconel  706  (a)  VIM-VAR,  solution 
annealed  2100®F  (1422  K)  2 hr , lOOX  (b)  VIM-EFR,  solution 
annealed  2100°F  (1422  K)  2 hr,  lOOX  (c)  VIM-VAR  STDA 
(70XX)  50X  (d)  VIM-EFR  STDA  (70XX)  50X. 

SEM  micrographs  1-706  (a)  VIM-VAR,  S.A.  2100®F  (1422  K) 

2 hr,  650X  'b)  VIM-VAR,  ST"  (71XX)  200X  (c)  VIM-EFR,  STDa 
(70XX)  1250X. 

Transmission  electron  micrographs,  1-706  VIM-VAR,  solution 
annealed  2000®F  (1400  K) . Note  dislocation  pile-ups  and 
precipitation  free  boundaries. 

Transmission  electron  micrographs  1-706  VIM-EFR  solution 
annealed  2100'’F  (1422  K) . General  features  as  in  Fig.  7-44. 

Transmission  electron  micrographs  1-706  VIM-VAR,  STDA  (71XX) . 
Note  y'  + y"  particle-dislocation  networks,  precipitation 
free  boundaries  (a,b)  dark  filed  showing  plate  like  y"  (c)  . 

Light  micrographs,  longitudinal  section  1-706  tensile  speci- 
mens 200X  (a)  7011  (tested  at  RT)  (b)  7013  (tested  at  4.2  K) 

(c)  7021  (N.T.,  RT)  (d)  7023  (N.T.  4.2  K) . 

SEM  micrographs,  fracture  surface  706  VIM-VAR  STDA  tensile 
specimen  7113,  tested  at  4.2  K (a,b)  750X  (c)  1500X  (d)  3100X. 
Note  dimpled  surface,  final  fracture  by  intergranular  cracking 
(b)  carbides  in  (d). 

SEM  micrographs,  fracture  surface  706  notch-tensile  specimens 
(a)  600X  (b)  1200X  VIM-EFR  STDA  specimen  7023.  (c)  600X 

(d)  1200X  VIM-VAR  S'.DA  specimen  7123. 
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Figure  7-50  Auger  scanning  micrographs  fresh  fracture  1-706  STDA 

(71XX)  (a)  C-272  ev  (b)  Ti  385  ev  (c)  Cr  489  ev  (d)  Nb 
168  ev  250X. 

Figure  7-51  Light  micrographs  fusion  zone  fracture  1-706  (a)  specimen 
7213  (b)  specimen  7223  both  tested  at  4.2  K 200X. 

Figure  7-52  SFJl  micrographs  of  fusion  zone  fracture  T-706,  tensile 
specimen  7211  tested  at  4.2  K (a)  20X  (b,c)  2000X. 

Arrows  indicate  voids  and  cracks  in  welduent. 

Figure  7-53  SEM  micrographs,  fusion-zone  fracture  1-706,  notch-tensile 
soecimen  7213.  (a)  820X  (b)  4200X  (c)  4200X.  EDAX  analysis 
shown  in  Fig.  7-54. 

Figure  7-54  Energy  dispersive  x-ray  spectra  (a)  inclusion.  Fig.  7-53b 
(b)  spot  A,  Fig.  7-53  c (c)  spot  B,  Fig.  7-53c  (spot  C, 

Fig.  7-53c. 


Figure  7-55  Auger  spectra,  f^esh  fusion  zone  fracture  surface  specimen 
72XX,  I-7C6  weld  + STDA. 

Figure  7-56  Light  micrographs  longitudinal  sections  LEA  tensile 

specimens  (a)  7313,  tested  at  4.2  K 200X  (b)  2323,  notch- 
tensile,  tested  at  4.5  K,  lOOX. 

Figure  7-57  SEM  micrographs,  LEA,  r.ensile  fracture  surfaces  (a)  7313 
150X  (b)  7313  300X  (c)  7?U  1600X  (d)  7323  (notch  tensile 
4500X  tested  at  4.2  K.  nAX  analysis  shown  in  Fig.  58. 

Figure  7-58  Energy  dispersive  x-ray  spectra  of  details.  Fig.  7-57 
(a)  Matrix,  point  2 (b)  plate-like  particles,  point  1. 

Fig  e 8-1  Ferromagnetic  and  antiferromagnetic  behavior  in  an  applied 
magnetic  field. 

Flgt-re  8-2  Magnetic  permeability  measurements  at  a magnetizing  force  of 
200  oersteds  in  Nltronic  33  stainless  steel  base  metal  and 
weld  metal. 

Figure  8-3  Summary  comparison  of  published  magnetic  permeability  values 
of  various  austenitic  stainless  steels  at  room  temperature. 
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1.0  ABSTRACT 


A program  description  and  progress  to  date  are  presented  for 
the  fourth  semi-annual  period  (March  to  September  1975)  on  ARPA/NBS  - 
Boulder  Contract  No.  CST-8304.  Further  results  are  presented  on 
Structural  Materials  of  interLSt  in  first  generation  superconducting 
machinery  prototypes.  Task  I Involves  characterization  and  evaluation 
of  structural  base  metals.  Task  II  involves  processing  effects  and 
Task  III  - the  evaluation  of  fabricated  joints  in  structural  materials. 
Processing  effects  have  Included  supplier  melting  and  primary  working 
practice,  powder  metallurgical  hot  isostatic  pressing  (HIP),  slow  cooling 
rates  (sensitization)  and  cold  working  with  various  recr'stalllzation  - 
grain  growth  schedules.  Fabrication  techniques  have  included  soldering 
brazing  and  various  fusion  welding  practices  including  vacuum  electron 
beam,  gas  tungsten  arc,  gas  metal  arc,  and  shielded  metal  arc. 


Evaluation  procedure  includes  mechanical  and  fracture  mechanics 
testing,  metallography,  fractography  and  magnetic  and  electrical  resis- 
tivity measurements  from  room  temperature  to  liquid  helium  (4.2  K) . 
Emphasis  in  the  focused  direction  of  this  effort  is  placed  upon: 

(1)  utilizing  fracture  mechanics  technology  to  cryogenic  temperatures 


to  evaluate  the  fracture  toughness  and  the  fatigue  crack 


growth  rate  (FCGR)  of  various  sample  conditions,  (2)  utilizing  various 
selected  materials/processing  and  fabrication  (MPF)  techniques  to  elu- 
cidate significant  effects  of  MPF  on  the  cryogenic  behavior  of  these 
alloys,  (3)  employment  of  modern  metallographic  and  fractographic 
analysis  techniques  to  characterize  the  microstructures  and  the  fracture 
surfaces  of  the  tested  materials,  and  (4)  evaluating  the  general  and 
specific  cryogenic  structural  materails  considerations  required  to 
establish  failure-safe  design  materials  selection  and  utilization 


criteria . 
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Initial  materials  considered  In  the  first  year's  program 
(FY  74)  Included  OFHC  Copper,  Inconel  X750,  AISI  310S  and  Kroamrc  58 
Stainless  Steel.  Augmented  results  on  first  year's  materials  Include 
the  at..rlbutlon  of  reduced  ductility  and  toughness  In  MP-1  X750  to 
continuous  grain  boundary  carbides,  the  characterization  of  anlostroplc 
texture  by  automatic  pole  figures  xn  K58  stainless,  and  Improved 
fracture  mechanics  behavlcr  of  weldments  In  IN  X750  but  not  In  310S 
and  K58  stainless  steels  over  their  respective  base  metals.  Additional 
materials  evaluated  In  this  second  year  program  Include  Inconel  706, 
Inconel  718,  INCO  LLA  and  PD-135  Copper  Alloy.  Results  Indicate  that 
previously  selected  materalls  can  be  significantly  improved  by  proper 
Integration  of  processing  and  fabrication  techniques  with  improved 
materials  selection  and  utilization  design  criteria. 
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2.0  INTRODUCTION 

Work  described  in  this  report  represents  the  most  recent 
Westlnghouse  Research  Laboratories  contribution  to  the  Advanced  Research 
Project  Agency  Program  entitled  "Materials  Research  for  Superconducting 
Machinery".  This  program  is  supported  by  DOD-ARPA  under  the  direction  of 
Dr.  Edward  C.  vanReuth.  Program  management  is  administered  by  the 
Cryogenics  Division  of  the  National  Bi-reau  of  Standards  with 
Dr.  Richard  P.  Reed  as  overall  program  manager  and  Dr.  Alan  F.  Clark 
as  contract  monitor. 

The  present  Westlnghouse  Research  Laboratories  (IJRL)  program 
has  as  its  objectives: 

(1)  To  select,  characterize  and  evaluate  candidate  structural  materials 
for  suitability  of  use  in  advanced  superconducting  machinery. 

(2)  To  investigate  the  influence  of  selected  processing  and  fabrication/ 
joining  factors  or  techniques  on  the  mechanical,  fracture  mechanics 
and  physical  (nuignetic  and  electrical  resistivity)  properties  of 
candidate  structural  materials. 

(3)  To  develop  engineering  cryogenic  mechanical  and  physical  property 
data  of  direct  usefulness  to  designers  of  prototype  S.C.  machinery. 

(4)  To  help  establish  with  designers  of  such  systems,  more  specific 
criteria  for  selecting  and  improving  the  utilization  of  structural 
niaterlals  in  S.C.  machinery  prototypes. 

Three  previous  WRL  semi-annual  technical  reports  have  been 
Issued  on  this  program  as  follows: 

(a)  WRL  Report  No.  74-9D4-CRYMT-R1,  dated  March  1,  1974 

(b)  WRl.  Report  No.  74-9D4-CRYMT-R2 , dated  September  9,  1974 

(c)  WRL  Report  No.  75-9D4-CRYMT-R1,  dated  March  10,  1974 


These  Westlnghouse  reports  along  with  those  of  all  other  participating 
laboratories  are  Included  in  the  three  corresponding  NBS-ARPA  overall 
progrrtn  semi-annual  technical  reports,  entitled  "Materials  Research  For 
Superconducting  Machinery-I  (dated  March  1974) , - II  (dated  October 
1974)"  and  - III  (dated  March  1975),  respectively.  In  addition,  a 
"Handbook  on  Materials  for  Superconducting  Machinery"  has  been  published 
by  the  Metals  and  Ceramics  Information  Center  at  Battelle  as  MCIC-HB-04. 

Three  technical  papers  have  been  written  by  WRL  staff  members 
concerning  work  mainly  accomplished  during  the  Westlnghouse  FY  74  program 
and  are  Included  in  the  Appendix  of  this  report.  These  papers  were  pre- 
sented at  the  1975  ICMC  Conference  at  Kingston,  Ontario  and  have  been 
submitted  for  publlcatlng  In  Vol.  22  of  Advances  In  Cryogenic  Engineering. 
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3.0  INTERPRETIVE  SUMMARY 


The  purpose  of  this  section  is  to  provide  for  the  casual  as 
well  as  the  involved  reader  both  an  overall  summation  of  what  information 
has  been  developed  in  the  Westinghouse  program  and  a perspective  on  the 
significance  of  such  information  relative  to  the  design  considerations  of 
advanced  cryogenic  machinery. 


3 . 1 Program  Status 


A testing  and  evaluation  status  summary  for  the  FY  74  effort 
is  shown  in  Table  3-1  and  for  the  FY  73  effort  in  the  Table  3-2.  The 
remaining  previously  unreported  test  elements  from  the  FY  74  program 
(i.e.  the  fracture  toughness  evaluation  of  the  silver  brazed  OFllC  copper 
and  the  copper  brazed  X750  alloy)  are  reported  herein. 


Testing  of  material/processing  and  fabrication  conditions 
specified  in  Table  3-2  is  completed  with  the  exception  of  the  following: 
(a)  weldments  in  HIP  Inconel  X750,  (b)  weldments  in  INCO  LEA,  (c)  grain 
size  variations  in  Inconel  718  base  metal  and  (d)  fatigue  crack  growth 
rate  tests  for  alloys  706,  718,  LEA  and  PD-135  at  RT,  77X,  4.2K. 
Weldments  in  both  the  llIP  X750  and  the  LEA  alloy  have  been  made  but  have 
not  been  tested.  Due  to  the  reorientation  of  program  priorities  neces- 
sitated by  the  cut  hack  in  the  funding  level  of  the  ARPA/NBS  contract 
extensions,  the  testing  of  these  two  materials  hn^  been  indefinately 
postponed.  The  grain  size  variations  in  Inconel  718  base  metal  and  the 
remaining  FCGR  tests  remain  In  the  program  and  should  be  reported  in 
the  next  report. 


3.2  Alloy  Selection  and  Utilization 


The  Westinghouse  FY  74  program  concentrated  on  four  metal  alloys 
which  had  seen  prior  cryogenic  structural  application,  namely:  OFHC 


^ Copper,  AISI  31US  and  Kromarc  58  Stainless  Steels  and  Inconel  X750  nickel 

> base  superalloy.  The  logic  of  evaluating  structural  materials  already 

being  utilized  in  croygenic  structures  was  based  upon: 
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The  need  for  establishing  a reliable  materials  data 
base  line,  fully  documented,  to  assess  the  validity 
of  prior  "best  judgement"  materials  selection,  pro- 
cessing and  fabrication  decisions  associated  with 
first  generation  prototype  hardware. 

The  need  for  improved  characterization  and  evaluation 
of  such  materials  to  establish  practical  design 
utilization  values  and  performance  criteria  which 
should  be  er.c^eded  by  alternative  candidate  materials. 

* The  need  to  investigate  and  demonstrate  the  appreciable 
variation  in  both  mechanical  and  physical  property 
levels  of  selected  materials  with  certain  processing 
and  fabrication  operations  likely  to  be  experienced 
in  actual  prototype  hardware  fabrication. 

During  the  second  program  year  (FY  75),  four  alternative 
cryogenic  structural  candidate  materials  were  considered,  namely: 

PD-135  (a  precipitation  hardenable  Cd-Cr-Copper  alloy)  , INCO  LEA  (an 
unnamed,  precipitation  hardenable,  low  expansion,  nickel  base  alloy). 
Inconel  718  nickel-base  superalloy  and  Inconel  706  (a  less  expensive  but 
more  machinable  and  formahle  nickel  base  superalloy  than  718).  The  logic 
of  selecting  these  alternative  candidate  materials  was  generally  to  achieve 
increased  strength  levels  (e.g.  PD-135  vs  OFUC-Copper  and  718  vs  X750) , 
improved  fabrication  ease  (e.g.  706  vs  X750  or  718)  and  reduced  thermal 
expansion  (INCO  LEA)  behavior . Since  design  requirements  are  many  and 
varied  with  respect  to  the  several  structural  components  of  superconducting 
machinery  hardware,  it  also  is  necessary  to  have  this  expanded  data  base 
for  greater  design  flexibility,  fabrication  ease,  cost  effectiveness  and 
expediency  by  substituting  for  non-available  materials. 
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Additional  candidate  materials  have  also  been  identified  (see 

Table  5-1)  which,  on  the  basis  of  limited  available  data  in  the  literature, 

appear  to  be  worthy  of  at  least  initial  screening  tescs  for  cryogenic 

structural  applications.  In  addition  to  technological  attributes,  however, 

it  appears  that  material  procurement,  processing  and  fabrication  costs  will 

become  an  increasingly  significant  materials  selection  criteria  since 

prototype  machinery  sizes  are  rapidly  escallating-  For  example,  while 

earlier  superconducting  machinery  prototypes'^  were  rated  at  5MVA 

( 3-4  ) 

recent  programs  sponsored  by  EPRI'  are  considering  300  to  1200  MVA 

devices.  The  results  to  date  of  this  entire  ARPA/NBS  program  will, 
undoubtedly,  be  of  direct  usefulness  to  designers  considering  such  large 
capacity  prototypes. 

3. 3 Mechanical  Properties 

Mechanical  property  values  of  all  candidate  materials  evaluated 
to  date  in  this  program  are  graphical  sumiaarizfed  in  Figs.  3-1  to  3-4. 
Fracture  toughness  values  at  4 K are  summarized  in  Fig.  3-5  and  are  coded 
to  indicate  base  metal,  processing  effects  and  weldment  or  brazed  con- 

As  much  of  the  data  presented  was  summarized  in  Section  3 of 
the  previous  report,  remarks  following  will  pertain  primarily  to  the 
additional  data  presented. 

Figure  3-2  contains  the  recent  data  for  the  Kromarc  58  stain- 
less base  metal  in  the  30X  cold  worked  condition  and  in  the  L-T  orienta- 
tion (Code  87XX) , l.e.  with  the  specimen  loading  direction  parallel  to 
the  cold  rolling  direction.  This  data  should  be  compared  directly  with 
that  for  the  T-L  oriented  cold  worked  condition  (Code  81XX) . The  most 
significant  difference  in  mechanical  property  values  between  these  two 
orientations  is  observed  in  the  difference  in  reduction  in  area  which  is 
greater  for  the  L-T  orientation  by  a AX  of  22Z  at  RT,  12X  at  77  K and 
18X  at  4 K over  the  corresponding  values. 

Figure  3-3  now  includes  the  recent  data  for  the  Inconel  718 
(VIM-VAR),  Inconel  706  (VIM-EFR) , and  706  (VIM-VAR)  alloys  in  the  STDA 
conditions  only  (Codes  64XX,  70XX  and  71XX  respectively^  . The  yield 

G76<  ^ 


.-1  - 


f 


o 


f 


strength  of  the  718  alloy  at  all  three  temperatures  is  the  highest  of 
all  the  alloys  shown.  At  A K for  example,  the  yield  strength  of  the 
718  is  about  62Z  greater  than  for  the  X750  (VIM-VAR)  material  (Code  31XX) . 

The  ductility  of  the  718  although  not  particularly  large,  is  nevertheless  ^ 

equal  to  or  greater,  at  all  test  temperatures,  than  that  of  th>'  same 
X750  alloy  in  the  STDA  condition.  At  4 K,  both  the  reduction  in  area 
and  the  total  elongation  of  the  718  is  10%  (versus  6%  for  the  X750) , 
a difference  of  about  67%,  both  alloys  being  from  the  same  supplier 

J 

and  from  comparable  size  forging  billet  stock.  Both  of  the  706 
materials  demonstrated  slightly  lower  yield  i.trengths,  comparable  ulti- 
mate tensile  strengths  and  superior  notched  tensile  strength  levels  as 
compared  to  the  718  material.  The  NTS/o'^s  ratio  of  both  706  materials  was 
1.8  versus  the  1.5  to  1.4  ratio  value  for  the  718.  The  ductility  levels 
for  the  706  proved  far  superior  to  the  718  material  tested.  Little 
difference  is  observed  between  the  two  706  materials. 

Figure  3-5  now  includes  the  fracture  toughnes*?  values  at  4 K 
for  the  K 58  as  30%  cold  worked  and  L-T  orientation,  Inconel  718  as 
base  metal,  weldment  fusion  zone  (FZ)  and  heat-affected  zone  (HAZ) , 

Inconel  706  as  base  metal  (VIM-FIFR)and  both  base  metal  and  weld  fusion 

zone  for  the  VIM-VAR  material,  INCO  LEA  base  metal  and  the  A-286  base  ) 

metal.  The  fracture  toughness  of  the  30%  CW  K-58  material  was  found  to 

be  slightly  greater  (by  8%)  in  thi  L-T  orie.itatlon  as  opposed  to  the 

T-L  plate  orientation.  The  Fracture  toughness  of  the  Inconel  718  STDA 

base  metal  (Code  64XX)  was  approxitately  5%  greater  than  that  for  the  i 

Inconel  X750  STDA  (Code  31XX) . The  weldment  HAZ  and  FZ  fracture  toughness 

values  in  the  718  material  witti  a full  post  weld  STDA  heat  treatment  were 

only  76Z  and  65%  respectively  of  the  718  base  metal  values.  The  fracture 

toughness  at  4 K for  the  two  Inconel  706  alloys  were  appreciably  greater 

than  for  the  Inconel  718  alloy;  the  706  VIM-EFR  material  (Code  70XX)  being 

approximately  90%  greater  and  the  706  VIM-VAR  material  (Code  71XX)  being 

about  109Z  greater.  The  GTA  weldment  FZ  fracture  toughness  value 

(Code  72XX  - again  with  the  full  post  weld  STDA  treatment)  for  the  Inconel 

706  material  is  drastically  lower  (''-35%)  than  the  706  base  metal  value 
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and  is  only  about  \2%  'ireater  than  the  GTA  weldment  FZ  in  the  718  alloy. 
The  4 K fracture  toughr.ess  of  the  INCO  LEA  STDA  material  (Code  73XX) 
was  about  13Z  greater  than  that  for  the  718  STDA  material,  a surprising 
result  considering  the  significantly  lower  4 K ductility  values  of  the 
LEA  versus  the  718  material.  Finally,  in  Fig.  3-5  one  observes  the 
fracture  toughness  for  the  A-286  STQA  heat  treated  stainless  steel  is 
greater  than  the  Inconel  718,  706  or  LEA  alloys  but  is  lower  than  either 
the  310S  or  the  Kromarc  58  stainless  steel  alloys  previously  tested. 

3 . 4 Effect  of  Processing 

The  effects  of  the  various  processing  operations  included  in 
the  Westlnghouse  program  on  the  yield  and  tensile  strength  and  the 
fracture  toughness  values  evaluated  to  date  is  presented  in  Figs.  3-6 
and  3-7,  normalized  to  the  respective  base  metal  condition.  The  pre- 
vious discussion  of  most  of  this  data  was  included  in  the  preceeding 
report  and  will  not  be  repeated  herein.  However,  the  recent  data 
plotted  for  the  30%  CW  Kromarc  58  for  the  (L-T)/(T-L)  orientations  is 
included  and  a small  difference  ('v<  10%)  is  observed  at  room  temperature 
for  the  yield  strength  ratio.  Figure  3-7  now  includes  the  normalized 
4 K fracture  toughness  ratio  for  these  two  K-58  orientations  and  one 
again  observes  the  L-T  orientation  is  greater  by  about  8%.  For  the  com- 
parison of  the  706  alloy  produced  by  the  VIM-VAR  practice  versus  the  VIM- 
VAR  practice  versus  the  VIM-ESR  material,  one  finds  the  fracture  tough- 
ness of  the  VAR  material  greater  by  about  10%. 

3 . 5 Effects  of  Fabricated  Joints 

The  effects  of  various  metals  joining  processes  including  ooth 
brazements  and  fusion  weldments  on  the  yield  strength  and  ultimate 
tensile  strength  ratio  is  presented  in  Figs.  3-8  and  3-9  and  on  the  4 K 
fracture  toughness  ratio  is  presented  in  Fig.  3-10.  Again,  comments 
were  presented  in  the  previous  report^  ^ concerning  much  of  the  data 
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presented  in  these  figures.  However,  pertaining  to  the  recently  added 
data,  the  following  comments  are  made: 

• A correction  was  made  in  Fig.  3-8  to  reflect  the  fact 
that  the  fracture  location  in  the  310S  weldments  were 
in  the  weld  fusion  zone  and  not  in  the  base  metal  as 
previously  indicated. 

• The  yield  strength  and  the  ultimate  tensile  strength 
ratios  of  the  GTA  weldments  in  the  Inconel  718  alloy 

are  only  slightly  below  unity  indicating  a high  strength 
efficiency  ('v-  90Z  or  better).  All  fractures  of  these 
composite  weld  samples  were  in  the  weld  fusion  zone. 

• The  yield  strength  and  the  ultimate  tensile  strength 
ratios  of  the  GIA  weldments  in  the  Inconel  706  (VIM- 
VAR)  alloy  are  agcia  of  high  strength  efficiency 

(-  83Z) . These  weldments  also  fractured  in  the  weld 
fusion  zone. 

• The  fracture  toughness  ratio  of  the  copper  brazed 
X750  with  respect  to  the  ST  X750  base  metal 
(Codes  38XX/30.XX)  was  about  0.68.  This  was  the  only 
joint  condition  with  the  MP-1  X750  material  showing 
a ratio  < 1. 

• The  4 K fracture  toughness  ratio  for  the  GTA  weldment 
in  the  Inconel  718  alloy  (Code  6SXX/64XX)  was  about 
0.65  and  that  *or  the  GTA  weldment  in  the  Inconel  706 
alloy  (Code  72XX/71XX)  was  about  0.35.  Thus  the 
fracture  toughness  "efficiency"  of  these  weldments  was 
found  t^>  be  considerably  less  than  unity. 


3.6  Metallurslcal  and  Fractoeranhic  Analvsls 

The  inclusion  of  metallurgical  and  fractographlc  analyses 
in  this  program  has  provided  the  means  for  both  improved  characterization 
of  each  specific  material  being  tested  and  a means  for  better  deciphering 
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and  understanding  the  correlation  between  observed  structure  and  mech- 
anical behavior.  The  improved  characterization  is  essential  in  order 
to  adequately  describe  the  basic  features  of  the  p«\rticular  alloy  being 
evaluated  and  to  discriminate  between  differences  in  these  features  for 
the  various  processing  and  fabrication  conditions.  The  improved  cor- 
relation associated  with  the  respective  fracture  structural  aspects  and 
the  corresponding  mechanical  and  fracture,  mechanics  property  values 
enables  us  to  better  understand  the  wide  differences  in  such  property 
values . 

Some  examples  of  such  metallographic  and  fractographic  analy- 
ses which  have  been  reported  in  Section  7 of  this  report  series  are  as 
follows: 

• The  wide  difference  in  strength,  duciiity  and  fracture 
toughness  values  for  the  three  different  heats  of 
Inconel  X750  material  are  understandable  in  terms  of 
the  observed  difference  in  grain  size,  dislocation 
substructure,  grain  boundary  carbide  form  and  distri- 
bution* morphology  of  precipitated  phases,  and  fracture 
surface  appearance . 

• The  improved  mechanical  properties  of  the  MP-1  X750 
hipped  material  over  the  heat  tree  ted  original  base  metal 
was  attributed  to  both  the  reuuceu  grain  size  and  the 
elimination  of  a continuous  grain  boundary  MC  carbide 
film  in  the  hipped  material. 

• The  improved  mechanical  behavior  of  the  weldments  in 
the  X750  alloy  over  the  original  heat  treated  base  metal 
was  attributed  to  both  a reduced  microstructural  grain 
size  and  again  to  the  elimination  of  the  continuous 

MC  carbide  film  in  the  X750  weld  metal. 

• The  nature  and  extent  of  impurities  on  the  fracture  sur- 
faces of  various  spectmens  both  base  metal  and  weldments 
has  Indicated  a potential  improvement  direction,  i.e.  to 
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better  control  the  inspurity  levels  In  both  as  received 
base  metal  and  In  fusion  welding  operations. 

The  Identification  of  the  fracture  locations  on  welded 
samples  assists  In  establishing  the  capability  of  the 
weldments  to  plastically  deform  and  work  harden,  thereby 
Increasing  the  structural  reliability  of  such  weldments 
with  respect  to  the  corresponding  base  metals. 

Examination  of  the  copper  brazed  X750  material  revealed 
nonuniform  wetting,  dissolution  of  the  X750  material 
interface  and  grain  boundary  penetration  by  the  copper- 
all  leading  to  reduced  strength,  ductility  and  toughness 
levels  and  a transition  zone  fracture  location. 

The  relatively  low  ductility  in  the  Inconel  718  base 
metal  was  attributed  to  either  thin  carbide  films 
or  an  agglomeration  of  very  small  carbide  particles 
along  the  grain  boundaries,  whereas  in  the  higher 
ductility  Udimet  718  base  metal,  the  dominant  phase 
at  or  near  the  grain  boundary  is  y"  (Ni^Nb) . Fracture 
in  the  Inconel  718  material  tensile  specimens  is  by 
Intergranular  cracking  with  little  deformation  associa- 
ted with  the  above  grain  boundary  carbides. 

The  even  lower  ductility  of  the  GTA  weldments  on  the 
Inconel  718  alloy  are  associated  with  cellular  carbide 
films  which  dominate  the  fracture  surface. 

The  relatively  high  ductility  and  toughness  of  the 
Inconel  706  material  Is  associated  with  the  absences 
of  grain  boundary  carbide  films.  The  drastic  reduction 
in  both  ductility  aiH  toughness  of  the  GTA  weldments  in 
the  706  alloy  is  once  again  associated  with  the  appearance 
of  carbide  films  In  the  weld  fusion  zone. 


3.7  Physical  Properties 

Physical  property  determinations  are  being  conducted  on 
samples  of  the  Identical  base  metal  and  weldments  conditions  Included 
In  this  Westlnghouse  program.  Data  on  thermal  conductivity,  magneto- 
thermal  conductivity  and  elastic  constat ts  are  being  developed  by  NBS^^ 
and  data  on  thermal  expansion  and  specific  heats  are  being  developed  by 
Eattelle-Columbus'’ 

Specific  magnetic  behavior  and  electrical  resistivity  measure- 
ments are  being  conducted  on  these  materials  as  an  Integral  part  of  this 
Westlnghouse  program.  To  date,  magnetic  and  electrical  resistivity 
data  have  been  reported  on  all  sample  conditions  otherwise  evaluated  In 
this  program.  This  data  can  be  found  In  Section  8 of  this  ana  the 
previous  reports.  Significant  results  of  this  effort  can  be  summarized 
as  follows: 

• AISI  310S  stainless  steel  is  found  to  be  feebly  ferro- 
magnetic at  4 K with  Bs  ^ 1000  Gauss.  Kromarc  58 
stainless  was  found  to  be  antiferromagnetic  at  low 
field  strengths  with  very  small  traces  of  ferro- 
magnetic behavior  at  high  field  strength  (>  50  KG) . 

• Inconel  X750  and  718  alloys  have  been  found  to  be 
weakly  ferromagnetic  at  4 K with  Bs  values  of  about 
1500  and  1100  Gauss  respectively.  The  Inconel  706 
alloys  demonstrate  greater  ferromagnetic  behavior 
(Bs  IV  3200  Gruss  at  4 K)  , most  probably  due  to  the 
higher  iron  content  (about  twice  that  of  the  718 
alloy).  Interestingly  the  saturation  moment  of  the 
woldments  in  the  706  alloy  is  about  half  (i.e.  Bs  1500 
Gauss)  that  of  the  706  base  metal.  This  reduced  magnetic 
behavior  in  the  706  weldments  is  attributed  to  the  use 

of  718  filler  wire  which  would  yield  an  iron  level  in 
the  as-deposited  weld  metal  closer  to  the  composition 
in’-  718. 
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• The  INCO  LEA  alloy  evidences  stronp  ferromagnetic 
behavior  (Bs  % 13,000  Gauss)  and  is  attributed  to 
the  high  iron  content  (''<  55X)  in  this  alloy. 

• Processing  and  fabrication  effects  appear  not  to 
change  the  basic  magnetic  behavior  except  for 
situations  as  noted  above  where  e significant 
composition  change  in  the  weldment  from  the  base 
metal  is  occurring. 
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stainless  steels  including  processing  and  welded  joints  at  RT,  77  K and  4. 2 K 
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TABl£  3- 1 STRUCTURAL  MAHRIAIS  FOR  CRYOGENIC  APPLICATIONS 
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4.0  WESTINGHOUSE  PROGRAM  DESCRIPTION 
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This  program  represents  the  active  participation  of  the 
Research  Laboratories  of  the  Westinghouse  Electric  Corporation  under 
Contract  CST-8304  in  a comprehensive  overall  program  for  cryogenic 
structural  materials  monitored  by  the  Cryogenics  Division  of  the 
National  Brreau  of  Standards.  The  overe^l  program  is  sponsored  by  the 
Advanced  Research  Projects  Agency  (ARPA)  of  the  Department  of  Defense. 
The  overall  outline  for  the  Westinghouse  portion  of  the  ARPA-NBS 
program  is  shown  schematically  ..n  Fig.  4-1.  The  principal  personnel 
Involved  are  listed  in  Fig.  4-2  according  to  their  respective  functional 
project  responsibility  areas. 

Several  advanced  cryogenic  application  areas  are  identliled 

in  which  the  subject  matter  of  this  program  will  be  mutually  beneficial. 

One  such  advanced  application  area  for  cryogenic  structural  materials 

requiring  imnediate  attention  is  that  of  supercond^ccing  electrical 

(2) 

machinery  as  typified  by  two  recent  5 MVA  S.C.  generator  prototypes 

(3-5) 

developed  by  Westinghouse  . Other  important  cryogenic  appli- 
cation areas  include  electrical  transmission  lines,  superconducting 
magnet  support  structures  for  Controlled  Thermonuclear  Reactor  (CTR) 
devices,  and  structural  materials  for  second  generation  rotating 
superconducting  machinery  designs. 

4.1  FY  74  Program 

The  first  year's  programs  (Sept.  73-Sept.  74)  key  off  typi- 
cal structural  materials  requirements  for  S.C.  machinery  prototypes. 

This  project  is  subdivided  into  three  tasks  as  follows: 
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Task  I 

Characterization  of  four  materials  currently  being  considered 
for  superconducting  machinery  applications.  These  materials  Include 
OFHC  Copper  (CDA  No.  102),  AISI  310S  Stainless  Steel,  Inconel  X750 
Superalloy  and  Kromarc-58  Stainless  Steel.  An  operational  flow  chart 
c5  Task  T is  shown  In  Fig.  A-3. 

Task  II 

Evaluation  of  selected  processing  effects  on  the  structure 
and  properties  of  two  representative  structural  materials  being  con- 
sidered for  cryogenic  applications.  These  processing  considerations  In- 
clude three  different  commercial  melting  and  primary  working  practices 
of  Inconel  X750,  hot  Isostatlcally  pressed  (HIP)  consolidation  of 
Inconel  X750  powder,  slow  cooling  (sensitization)  effect  In  AISI  310S 
stainless  and  the  combined  effects  of  cold  working  and  welding  In 
Kromarc  58  stainless  steel  alloy.  An  operational  flow  chart  of  Task  II 
Is  shown  as  Fig.  A-A. 

Task  III 

Evaluation  of  selective  joint  fabclcation  methods  In  four 
materials  for  cryogenic  applications.  Joining  techniques  Include 
shielded  metal  arc  (SMA) , gas  metal  arc  (GMA) , gas  tungsten  arc  (GTA) , 
vacuum  electron  beam  (EB)  welding,  brazing  and  soldering.  An  operational 
flow  chart  of  Task  III  Is  shown  as  Fig.  A-5. 

A. 2 FY  75  Program 

The  FY  1975  continuation  of  the  Westlnghouse  portion  of  this 
ARPA-NBS  program  Is  also  divided  Into  three  similar  task  areas  which 
are  outlined  schematically  In  Figs.  A-6  to  A-8. 

The  approach  to  this  present  continuation  effort  Is  simi- 
lar to  the  FY  7A  effort  reported  previously.  All  material  has  been  pro- 
cured and  Identified  with  respect  to  heat  number,  melting  practice 
employed,  chemlcar.  composition  and  mlcrostructural  analysis  In  the  as- 
received  condition.  One  judiciously  selected  thermal  treatment  was 
Identified  and  performed  on  each  of  the  three  selected  base  materials. 
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Then,  the  previously  employed  functional  test  areas  were  used  in 
characterizing  these  materials. 

In  addition  to  the  characterization  of  weld  fusion  zones  on 
composite  weldment  specimens  of  these  additional  materials,  testing  has 
also  been  conducted  on  the  heat-affected-zone  (HAZ)  areas  of  selected 
weldments  in  Inconel  718.  For  this  effort,  specially  prepared  weld- 
ments using  "K"  shaped  joint  designs  with  their  approximate  planar  (on 
3ne  side)  HAZ  were  employed. 

The  results  of  the  FY  75  respective  study  elements  are 
presented,  analyzed  and  summarized  in  a quantitaitve  as  well  as  a 
qualitative  manner.  In  addlcion,  a relative  interpretation  of  these 
results  is  continued  with  respect  to  the  similar  previously  attainad 
information  on  F!  74  materials  and  with  respect  to  the  relative  over- 
all applicability  of  these  selected  materials  for  general  and  specific 
cryogenic  structural  applications. 
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■ Liason:  ARPA-N6S, 

Definition  of  Design  ^ Characterization  of  Present  Major  Hardware 

Requirements  4 5 MVA  System  Materials  Developments,  Additional 
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Fig.  4-1^''  Program  Outline  — Structural  Materials  for  Cryogenic  Applications 
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Fig.  4-7- Task  II ' ® FY75  Program)  - Processing  Effects  On  Cryogenic  Structural  Materials  Properties 
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5.0  GENERAL  CRYOGENIC  STRUCTURAL  MATERIALS/PROCESSING/ 
FABRICATION  CONSIDERATIONS 


Several  aspects  of  structural  materials  considerations  of 
general  interest  to  both  designers  and  materials  specialists  have  been 
presented  in  Section  5 of  the  three  previous  Westinghouse  Semi-Annual 
Technical  reports  . While  it  is  not  practical  to  repeat  such 

discussion  here  in  this  report,  it  does  appear  worthwhile  to  briefly 
mention  the  following  topical  areas  which  have  been  discussed  to  date  in 
the  preceeding  reports: 

• Primary  catagories  of  cryogenic  structural  materials 
applications . 

• Deficiencies  of  previously  developed  cryogenic 
materials  data. 

• Logic  and  objectives  of  establishing  materials 
selection  and  utilization  criteria. 

• A listing  of  specific  alloys,  literature  review 

and  discussion  of  candidate  materials  for  structural 
cryogenic  applications. 

• Review  of  materials  processing  and  fabrication  con- 
siderations including  welding,  brazing  and  soldering 
for  cryogenic  applications. 

• Characterization  as  per  the  Materials  Advisory  Board 
(MAB)  recommendations. 

• Practical  basis  for  materials  selection,  processing 
and  fabrication  data  generation. 

• Definition  and  discussion  of  "Advanced''  crvogenic 
structural  applications. 
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• Suggested  designer/materials  selection,  processing 
and  fabrication  toward  achieving  a failure-safe 
design. 

• Literature  review  of  non-austeiiltic  steels  for 
cryogenic  application. 

The  rationale  for  presenting  such  continuing  discussions 
throughout  this  series  of  technical  reports  is  to  provide  a written 
practical  perspective  on  the  selection  and  utilization  of  structural 
materials  for  extreme  cryogenic  application.  As  such,  we  find  this 
perspective  useful  in  establishing  a basis  of  discussion  and  interaction 
with  concerned  design  and  administrative  personnel  rather  than  solely 
presenting  the  volumnlous  empirical  test  data  also  being  generated. 


5.1  Material  Selection  Considerations 


5.1.1  Metal  Alloy  Designation  Terminolo 


The  Westinghouse  portion  of  this  ARPA/NBS  program  has  mainly 
been  concerned  with  the  evaluation  of  various  metal  alloys  as  cryogenic 
structural  materials.  A listing  of  the  more  promising  candidate  struc- 
tural metals  for  cryogenic  superconduclng  machinery  applications  com.>iled 
by  the  present  author  is  Included  as  Table  5-1. 

One  decision  area  which  arises  in  a materials  evaluation  pro- 
gram is  in  selection  of  terminology  used  to  refer  to  such  alloys  so  that 
designers,  materials  specialists,  metals  producers,  and  fabricators  all 
understand  exactly  what  materials  are  being  characterized  and  evaluated. 
The  cryogenic  structural  materials  candidates  in  Table  5-1  are  listed  by 
common  commercial  trade  designations,  which  is  by  no  means  to  be  con- 
strued as  an  endorsement  of  any  particular  alloy.  Although  generally 
recognized  and  understood  these  trade  names  can,  admittedly,  still  lead 
to  some  confusion.  For  example.  Inconel  718  is  the  commercial  designa- 
tion (trade  name)  which  Huntington  Alloys  Division  of  the  International 
Nickel  Corporation  uses  to  designate  a particular  nickel  base  superalloy. 
This  alloy  is  also  produced  by  Special  Metals  Corporation  (as  Udimet  718) , 
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Universal-Cyclops  Specialty  Steel  Division  (as  Unitemp  718)  and  by 
Carpenter  Technology  Corporation  (as  Pyromet  718)  to  name  just  a few 
alternative  producers  fo  the  same  basic  alloy  composition.  In  addition, 
the  various  producers  may  employ  different  and  even  alternative  melting 
and  mill  hot  working  schedules  such  that  although  the  alloy  compositions 
are  all  within  a given  specification  range,  the  microstructure  and  hence 
the  structure  sensitive  mechanical  properties  may  be  considerably 
different . 

Other  alternative  ways  of  designating  such  alloys  rather  than 
by  commercial  trade  designations  are: 

• Primarily  metal  producer  sponsored  organization 
specifications  such  as  the  Aluminum  Association 
(AA) , The  Copper  Development  Association  (CDA) 
and  The  American  Iron  and  Steel  Institute  (AISI) . 

• Primarily  metal  user  sponsored  organization 
specifications  such  as  the  Society  of  Automotive 
Engineers  (SAE) , American  Society  of  Mechanical 
Engineers  (ASME)  and  Federal  and  Military  Speci- 
fications (QQ  and  MIL  Specs)  . 

• Combined  user  and  producer  sponsored  specifications 
such  as  American  Society  for  Testing  and  Materials 
(ASTM) , American  National  Stanoards  Institute  (ANSI), 
and  the  American  Welding  Society  (AWS) . 

Using  such  "standard"  specifications  for  the  purpose  of 
alternative  alloy  designation  terminology  is  not  without  its  own 
Inadequacies,  however.  For  example,  a given  alloy  may  be  Included  in 
ceveral  different  specifications  originating  from  the  '’.ame  society 
(Oxygen  Free  Copper  is  covered  bv  over  3)  ASTM  specifications  depending 
on  the  product  form  and  Intended  use).  Furthermore,  the  alpha-numerical 
designation  used  in  a particular  specification  often  bears  no  resemblance 
to  the  commonly  known  alloy  designation  (trade  name).  For  example,  the 
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precipitation  hardening  stainless  steel  referred  to  In  this  work  as 
A-286  Is  designated  as  Alloy  660  by  AISI,  A638  by  ASTM,  J 467  (A  286)  by 
the  SAE  and  Is  covered  by  approximately  nine  different  Aerospace  Materials 
Specifications  (AMS) . 

A relatively  recent  and  comprehensive  metal  alloy  designation 
system  has  been  advanced  jointly  by  the  Society  of  Automotive  Engineers, 

(A) 

Inc.  (SAE)  and  the  American  Society  for  Testing  and  Materials  (ASTM) 

This  system,  Identified  as  the  Unified  Numbering  System  For  Metals  and 
Alloys , provides  a systematic  means  of  correlating  the  various  alpha- 
numerical  systems  mentioned  above  and  will  hopefully  avoid  the  confusion 
associated  with  more  than  one  designation  for  the  same  material  and 
having  the  same  designation  assigned  to  more  than  one  material.  This 
system  does  not  replace  nor  serve  as  a product  specification  but  rather 
serves  only  as  a unified  Identification  system  for  metals  and  alloys 
meeting  a certain  chemical  composition  range.  A cross  reference  Is 
Included  as  Table  5-2  In  this  report  which  contains  the  commercial  desig- 
nation, the  Unified  Numbering  System  (UNS)  designation  and  various 
society  specification  designations  for  those  candidate  cryogenic  structural 
materials  listed  In  Table  5-1. 

It  Is  the  opinion  of  the  present  authors,  that  if  one  has  reser- 
vations to  referring  to  engineering  metal  alloys  by  the  commercall  trade 
designation,  the  UNS  alloy  designation  system  Is  a more  meaningful  and 
potentially  useful  alloy  designation  technique,  in  general,  than  the  use  of 
various  association  or  society  materials  specifications,  which  are  In 
our  opinion,  more  useful  for  product  form  specifications.  The  UNS  System 
does  not,  at  present.  Include  metal  matrix  composite  materials  or  any 
non-metalllc  materials. 

5.1.2  Variations  In  Reported  Alloy  Property  Data 

One  of  the  general  criteria  for  selection  of  structural  materials 
for  cryogenic  temperature  applications  Is,  of  course,  mechanical  behavior. 
While  the  designer  would  like  to  be  able  to  go  to  a handbook,  select  an 
alloy  and  obtain  a design  reliable  value  for  a given  mechanical  property. 
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unfortunately  such  Is  not  now  the  case.  Published  mechanical  property 
values  for  extreme  cryogenic  temperatures  are  specific  (or  averaged) 
measured  values  which  may  or  may  not  be  acceptable  design  values.  The 
usefulness  of  such  published  property  data  (Including  that  from  the 
present  work)  to  a designer  of  cryogenic  structures  Is  strongly  dependent 
upon  the  familiarity  of  the  designer  with  the  associated  material  char- 
acterization (l.e.  composition,  form,  processing  and  fabrication  history 
and  microstructure). 

An  examination  of  the  variations  in  the  mechanical  properties  of 
two  alloys  being  evaluated  In  this  overall  ARPA/NBS  program  Is  quite  use- 
ful in  demonstrating  the  need  for  the  designer  wishing  to  employ  such 
alloys  to  become  familiar  with  the  alloy  characterization  data  as  well 
as  the  mechanical  property  data.  Table  5-3  presents  a comparison  of 
some  available  documentation  data  on  two  cryogenic  structural  alloys 
(A-286,  a precipitation  hardening  austenitic  stainless  steel  and 
X750,  a nickel-base  superalloy)  which  have  * *en  evaluated  by  three  of 
the  participating  laboratories  in  the  present  program,  namely:  The 

Westinghouse  Research  Laboratories  (WRL) , The  Cryogenics  Division  of  the 
National  Bureau  of  Standards  (NBS)  and  the  Denver  Division  of  Martin- 
Marietta  (M-M) . Figures  5-  1 and  5- 2 present  a graphical  comparison 
of  the  tensile  and  fracture  toughness  property  values  respectively  as 
determined  by  these  laboratories. 

For  the  A-286  alloy,  one  observes  yield  strength  values 
reported  at  room  temperature  from  about  90  to  120  ksl  (A  ■ 33%) , and  at 
4K  from  130  to  160  ksi  (estimated) , a difference  of  23%.  Ductility 
values  can  only  be  compared  at  room  temperature  from  the  data  reported. 
Nevertheless,  a difference  of  3A%  in  reduction  in  area  and  17%  in 
elongation  values  are  observed.  Fiacture  toughness  values  at  room  temp- 
erature differ  by  17%  and  at  4K,  the  difference  increases  to  'v  50% 
between  the  WRL  and  the  NBS  reported  data.  Such  differences  in  mechani- 
cal properties  in  the  same  alloy  are  significant  from  a design  reliability 
viewpoint.  Some  general  clues  as  to  the  reason (s)  for  this  spread  in 
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reported  property  values  for  A-286  can  be  obtained  from  Table  5-  3 . 

Both  the  WRL  and  the  NBS  A-286  material  was  obtained  from  different 
size  square  forging  billets  whereas  the  M-M  material  was  from  thinner 
"plate"  stock.  Chemical  composition  differences! while  within  general 
specification  limits,  could  nevertheless  be  significant  (e.g.  the  man- 
ganese level  in  the  M-M  material  is  less  than  half  that  in  the  WRL 
and  NBS  tested  material,  while  the  Ml  and  Cr  levels  are  higher).  There 
is  a difference  in  the  time  at  solution  treatment  and  both  time  and 
temperature  at  aging  between  the  MBS  and  the  WRL  heat  treatments.  The 
details  for  the  M-M  h'jat  treatment  were  not  reported.  Other  differences 
in  the  A-286  materials  tested  could  be  with  inclusion  and  grain  size 
and  uniformly,  prior  processing  structural  effects  and  orientation  of 
test  specimens. 

For  the  X750  alloy,  one  observes  similar  significant  variations 
in  tensile  properties  (see  Fig.  5-  1)  and  in  fracture  toughness  be- 
havior (see  Fig.  5-2).  Differences  in  yield  strength  of  29%  at 
room  temperature  to  36%  at  4K  and  in  ultimate  tensile  strength  of  19% 
at  RT  to  65%  at  4K  are  reported.  Ductility  values  again  are  incomplete 
but  still  differ  by  216%  at  RT  to  333%  at  4K  for  reduction  in  area  and 
116%  at  RT  to  350%  at  4K  for  total  elongation.  Fracture  toughness 
value  differences  of  207%  at  4K  have  also  been  observed.  Once  again, 
general  clues  to  these  property  differences  can  be  obtained  from  the 
data  of  Table  5-  3.  There  is  a variation  in  the  product  form  (round 
and  square  forging  billet  to  plate^,  size  (5  cm  to  25  cm),  chemical  com- 
position and  perhaps  most  significantly  in  the  mill  processing  and  sub- 
sequent laboratory  heat  treatments  employed.  As  shown,  the  aging  heat 
treatments  employed  are  appreciably  different  between  the  three  labora- 
tories. Mlcrostructural  differences  most  probably  exist  betwee  these 
various  lots  of  X750  alloy,  but  have  only  been  characterized  and  re- 
ported for  the  WRL  tested  material. 
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Thus,  a few  summarizing  comments  can  be  made  concerning  the 
design  relevancy  of  much  of  the  cryogenic  structural  materials  data 
presently  available: 

• Mechanical  property  data  pertaining  to  a given  metal 
alloy  can  vary  significantly  with  a wide  variety  of 
factors,  some  of  which  are  subtle  and  often  unreported. 

• Most  alloys  have  been  developed  for  high  temperature 
applications  where  creep  and  stres  i rupture  require- 
ments predominate.  The  benefit  of  nuch  minor 
alloying  elements  as  cobalt,  vanadium,  boron  and  zir- 
conium in  many  of  tliese  alloys  being  considered  for 
cryogenic  applications  is  questionable. 

• Certain  product  forms  such  as  large  round  stock 
(including  forging  billets)  are  provided  with  no 
guaranty  on  mechanical  properties  from  the  supplier. 

The  actual  microstructure  and  resulting  mechanical 
properties  can  vary  appreciably  in  a single  alloy 
from  supplier  to  supplier  and  even  between  different 
lots  or  heats  of  material  from  the  same  supplier. 

• Handbook  compilations  of  mechanical  property  data 
Intended  for  design  purposes  should  Include  all 
pertinent  characterization  data  available  for  im- 
proved alloy  discrimination. 

• More  detailed  material  characterization  efforts  are 
required  to  better  ascertain  the  reasons  for  property 
variations  in  alloys  being  considered  for  extreme 
cryogenic  applications.  Through  such  efforts,  means 
of  controlling  and  hopefully  improving  the  cryogenic 
behavior  can  be  effected.  Then,  after  a sound  tech- 
nical foundation  exists,  perhaps  the  establishment  of 
cryogenic  structural  materials  specifications  can  be 
initiated. 
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5 . 2 Materials  Processing  Considerations 
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An  overall  Westinghouse  program  test  specimen  identification 
system  code  is  explained  in  Table  5-4.  Chemical  compositions  of  the 
Westinghouse  FY  75  program  materials  are  given  in  Table  5-5.  Documentation 
data  including  supplier,  heat  no.  and  form  received  is  listed  in  Table  5-6. 
The  various  processing  and  heat  treatment  schedules  for  these  materials 
are  summarized  in  Table  5-7 . Hardness  and  ASTM  Grain  Size  Measurements 
for  these  various  FY  75  materials  and  conditions  are  presented  in 
Table  5-8.  Limited  documentation  on  five  materials  added  by  NBS  for  mag- 
netic measurements  only  is  included  in  Table  5-9. 

5.2.1  Inconel  706  Superalloy 

The  Inconel  706  Ni-Fe-Cr  precipitation  hardening  superalloy 
was  obtained  as  both  (1)  29  cm  (11-3/8")  diameter  hot  finished  forging 
billet,  vacuum  Induction  melted  - vacuum  arc  remelted  (VIM-VAP.)  and  as 
(2)  14  cm  (5-1/2")  diameter  billet,  vacuum  induction  melted  - elec»-roflux 
remelted  (VIM-EFR) . Microstructures  of  both  these  materials  in  the  as- 
received,  solution  treated  982®C  (1800®F)  and  solution  treated  (982®C) 
followed  by  double  aging  at  732®C  (1350'F)/8  hrs  furnace  cooled  to  621*C 
(1159*F)/8  hrs  and  air  cooled,  were  presented  in  Figs.  5-1  and  5-2  and 
were  discussed  in  Section  5.2.1  of  the  proceeding  report^^\  Further 
discussion  ot  the  microstructure  of  these  alloys  is  included  in  Section  7 
of  this  report. 

5.2.2  Inconel  718  Superalloy 

The  Inconel  718^  ^^Ni-Cr-Fe-Nb  precipitation  hardening 
superalloy  evaluated  in  this  Westinghouse  FY  75  program  was  obtained  as 
a 29  cm  (11-3/8")  diameter  hot  finished  forging  billet,  vacuum  induction 
melted  - vacuum  arc  remelted  (VIM-VAR) . The  microstructure  of  the  as- 
received  billet  both  at  the  stock  center  line  and  at  the  13.3  cm  (5-1/4") 
radius  location,  and  at  the  13.3  cm  radius  for  the  solution  treated  at 
982“C  (1800“F),  and  the  ST  (982*C)  - double  aged  at  718“C  (1325“F)/8  hrs 
furnace  cooled  to  621*C  (1150°F)/8  hrs  and  air  cooled  conditions  were 
shown  in  Fig.  5—3  and  discussed  in  Section  5.2.2  of  the  previous  report 
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Briefly,  it  was  found  that  in  the  as-received  conditions,  a pronouwced 
contigous  grain  boundary  network  existed  at  chc  stock  center  line  position, 
while  at  the  13 >3  cm  locat..on  such  contiguous  particle^,  were  not  observed 
at  the  equiaxcd  matrix  grain  boundaries  but  rather  at  prior  "ghost"  grain 
boundaries.  These  contiguous  particles,  which  were  initially  presumed 
to  be  carbides,  have  since  been  so  verified  (see  Section  7.3  of  this 
report) . 

As  mentioned  in  the  previous  report,  it  was  desired  to  examine 
the  effect  of  a higher  solution  treating  temperature  alone  and  then 
followed  by  cold  work  with  subsequent  recrysLallization  heat  treatment 
in  reducing  or  removing  this  contiguous  carbide  grain  boundary  network 
as  well  as  to  modify  the  base  metal  grain  size.  The  microstructure  of 
the  Inconel  718  alloy  solution  treated  at  1066“C  (1950®F)  is  shown  in 
Fig.  5-3  along  with  the  earlier  material  solution  treated  at  982®C 
(1800®F).  The  carbide  network  in  the  higher  solution  treated  temperature 
718  material  was  appreciably  reduced  at  the  matrix  grain  boundaries  and 
the  ghost  boundary  network  was  no  longer  observed.  Grain  size  of  the 
1066®C  ST  material  increased  to  approximately  ASTM  No.  2 from  that  of 
lower  982*C  ST  material  of  ASTM  4 to  5. 

A subsequent  unidirectional  cold  rolling  processing  operation 
vjas  performed  on  the  1066®C  Inconel  718  material  providing  a reduction 
in  thickness  from  1.169  to  0.729",  or  38%.  The  series  of  reheat  treat- 
ments were  then  conducted  at  temperatures  from  900®C  (1650®F)  to  1066®C 
(1950®F)  on  small  samples  of  this  cold  worked  material.  Hardness  and 
ASTM  grain  size  measurements  and  the  respective  microstructures  of  these 
various  conditions  are  shown  in  Fig.  5-A.  After  the  900®C/30  minute 
treatment  some  recrystallization  is  observed  but  the  average  grain  size 
is  still  quite  large  at  ASTM  No.  4.  From  927®C/30  minutes  through  1038®C/ 

2 hours,  the  change  in  average  grain  size  was  measured  as  ASTM  8.5  to  7.4. 

The  hardenss  variation  over  this  same  heat  treating  range  is  likewise 
relatively  small.  A sharp  increase  in  grain  size  again  occurs  for  samples 
treated  at  lObb^C/lO  minutes  (ASTM  No.  4)  and  1066®C/2  hours  (ASTM  No.  3). 
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Interestingly,  the  grain  size  is  smaller  and  the  hardness  appreciably 
less  for  the  1066*C  recrystallized  material  than  that  of  the  original 
1066°C  solution  treated  material. 

5.2.3  Comparison  of  Udlmet  718  to  Inconel  718  materia] 

Farther  interesting  observations  concerning  the  718  alloy  can 
be  made  by  comparing  the  microstructure  of  the  present  29  cm  diameter 
Inconel  718  billet  material  with  that  of  a comparable  size  (26  cm  dia- 
meter) Udimet  718  billet  which  has  been  procurred  and  is  being  utilized 
for  a separate  program.  Figure  5-5  compares  tne  microstructures  at 
both  the  billet  centerline  and  at  the  outer  surface  location  for  these 
two  718  materials,  both  in  :he  as-received  condition.  No  contiguous 
carbide  chains  are  observed  at  grain  boundaries  for  the  Udimet  718 
billet  centerline  location  as  are  observed  at  the  corresponding  location 
in  the  Inconel  718  billet.  Furthermore,  no  prior  ghout  boundaries 
similarly  decorated  with  carbide  chains  or  films  are  observed  at  the 
billet  OD  location  for  the  Udimet  718  as  they  were  for  the  Inconel  718. 

The  pertinent  documentation  data  for  the  Udimet  718  material 
is  shown  in  Table  5-10.  By  comparing  the  Udimet  718  data  with  the 
Inconel  718  data  presented  in  Tables  5-5,  5-6,  5-7  and  5-8,  we  can  make 
the  following  comments : 

• Both  billets  are  of  comparable  size  and  were  produced 
by  the  same  double  vacuum  melting  process  (VIM-VAR) . 

• These  materials  are  of  comparable  but  not  exact  chemical 
composition. 

• The  as-received  hardness  of  the  Udimet  718  (Rc  36  to  38) 
is  significantly  greater  than  the  Inconel  718  (Rc  23). 
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• Hardness  response  to  identical  heat 

treatment  schedules 

revealed  the  following  results: 

Udlmet  718  Inconel  718 

ST  - 1800®F 

Rc 

28 

- 33  Rc  38 

0 

STDA  - 1800“F/1325*F/1150 

“F 

Rc 

43 

Rc  44 

ST  - 1950'’F 

83 

Rc  25 

STDA  - 1950*F/1325*F/1150 

“F 

Rc 

43 

— 

• Grain  sizes  are 

generally 

comparable 

but  are 

not  uniform  in 

o 

either  material. 

i 

A limited  amount 

of  merhanlcal  test 

data  is  available  for  tl  ..  e 

two  materials  both  in  the 

ST  (1800*F)  DA  condition  and 

is  presented  below: 

o 

Udlmet  718 

Inconel  718 

UTS 

RT 

194  ksl 

195  ksl 

77K 

248  ksl 

237  ksl 

4K 

256  ksl 

242  ksl 

0 

0.2X  YS 

RT 

164  ksl 

168  ksi 

77K 

188  ksl 

195  ksi 

4K 

201  ksi 

204  ksl 

0 

Total  Elongation 

RT 

19. 7Z 

12.0  X 

77K 

22. 8Z 

10.1  X 

4K 

18. 5Z 

9.4  X 

Red.  in  Area 

RT 

27.1  X 

14.8  X 

0 

77K 

18.3  X 

9.1  X 

4K 

18.6  X 

10.0  X 

^ic 

RT 

— 

63.3  ksl  *^ln . 

77K 

88.1  ksi  »'l!n. 

— 

0 

4K 

— 

72.5  ksl  /in. 

Thus  from  the  above  available  information,  it  appears  that  the  higher 
ductility  and  toughness  and  basically  the  same  strength  levels  obtained 
O in  the  Udlmet  718  over  the  Inconel  718  billet  material  are  attributable 

to  much  reduced  grain  boundary  carbide  networks.  Such  mlcrostructural 
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differences  are  apparent  results  of  the  particular  mill  thermomechanical 
reduction  schedules  which  are  not  known  in  detail  for  either  material. 

5.3  Materials  Fabrication  Considerations 

5.3.1  Current  Program  Weldments 

Weldments  evaluated  in  the  Westlnghouse  FY  75  program  were 
all  by  the  manual  gas  tungs»-er.  arc  welding  (GTAW)  process.  The  welding 
parameters  and  process  details  of  these  weldments  are  presented  in 
Table  5-11.  Weldments  were  fabricated  in  the  Inconel  706  (VIM-VAR) , 
Inconel  718  (VIM-VM)  , Inconel  X750  (Hipped)  and  the  INCO  LEA  materials. 
All  weldments  were  given  a full  post  weld  solution  treatment  followed 
by  the  respective  aging  heat  treatment  prior  to  mechanical  and  fracture 
mechanics  testing.  As  mentioned  earlier,  the  weldments  in  X750  Kipped 
and  the  LEA  material  have  not  been  tested  due  to  priority  ; eorlentatlons 
associated  with  the  program  funding  situation. 

Hardness  traverses,  macro  an«  microstructures  of  these  weld- 
ments were  presented  for  the  as-welded  condition  in  Figs.  5-7  through 
5-13  in  the  previous  report'  . Similar  information  (but  for  the  full 
post  v/eld  heat  treated  condition)  is  presented  in  Figs.  5-6  through  5-10 
in  this  report  for  the  706,  718  and  X750  HIP  weldments.  If  one  compares 
these  heat  treated  structures  with  the  corresponding  as-welded  structures, 
one  can  detect  significant  microstructural  differences  in  the  weld  fusion 
zones  in  particular.  Also,  the  hardness  level  of  the  post  weld  heat 
treated  weld  metal  is  significantly  higher  than  in  the  as-welded  condition 
for  each  material. 

5.3.2  Weldability  Considerations 

The  present  program  is  concerned  with  the  evaluation  of  fabri- 
cated weldments  in  terms  of  mechanical,  fracture  mechanics,  f ractographic 
and  magnetic  behavior.  In  general,  no  particular  problems  were  experienced 
in  making  any  of  the  present  test  weldments  except  for  some  weld  metal 
cracking  experienced  with  the  Inconel  706  material  as  mentioned  in 
Section  5. 3. 1.4  of  tne  previous  Westlnghouse  report^^\  However,  it 
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should  be  recognized  that  welding  problems  In  fabrication  of  actual  com- 
ponents for  s.c.  machinery  could  yet  arise. 

One  basic  difference  between  hardware  fabrication  and  the 
present  laboratory  test  weldments  Is  that  the  former  will.  In  general, 
be  subjected  to  significant  restraint  levels  whereas  the  laboratory  butt 
weld  test  plate  samples  of  this  program  were  essentially  unrestrained. 

One  use  al  testing  procedure  which  can  augment  the  present  program  re- 
sults without  (or  before)  the  actual  fabrication  of  large  component 
hardware  Is  the  Varestralnt  test^^^  This  test  provides  the  means 

for  applying,  under  controlled  conditions,  a prespecified  degree  of 
strain  to  a gas  tungsten  arc  autogeneous  weldment  as  the  molten  weld 
zone  Is  solidifying.  By  maintaining  specimen  size  and  welding  condition*^ 
constant,  one  can  assess  the  hot  cracking  susceptibility  of  different 
alloys  or  of  different  co.^dltlons  of  a given  alloy  with  varying  amounts 
of  applied  strain,  usually  in  the  range  of  0 to  4%. 

Some  data  Is  available  concerning  Varestralnt  testing  on  the 
nickel  base  superalloys  X750,  718  and  706.  Valdez  and  Steinman^  ^ 
have  Investigated  heat  affected  zone  (HAZ)  hot  cracking  by  Varestralnt 
testing  in  718  material  and  report  that  the  sensitivity  to  hot  cracking 
increases  with: 

(a)  Increasing  sample  tnlckness 

(b)  increasing  annealing  (solution  treating)  temper.iture 

(c)  differences  in  material  provided  from  different 
suppliers  with  increased  amounts  of  grain  bo^mdary 
segregation,  particularly  in  areas  of  TiCb  (C,  N) 
particles  interdlspersed  with  some  laves  phase 
aligned  In  the  direction  of  rolling. 

Llngenfelter ^^^as  investigated  fusion  zone  hot  cracking 
susceptibility  in  several  nickel  base  alloys  Including  the  706,  718  and 
X730  alloys.  The  limited  data  available  Indicates  that  hot  cracking 
In  both  the  fusion  zone  and  in  the  h^at  affected  zone  Is  likely  for  these 
alloys  under  restraint  conditions  where  strain  levels  of  from  0.6  to  2.6% 


1 


occur. 
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The  longitudinal  Varestraint  test  has  also  been  employed  by 
Arata  et  al.  to  investigate  the  solidification  (hot)  cracking 

susceptibility  in  weld  metal  of  several  austenitic  stainless  steel 
alloys.  These  authors  found  that:  (1)  fusion  zone  (FZ)  hot  cracking 
was  usually  more  severe  than  that  of  the  HAZ  and  that  (2)  the  solidifi- 
cation crack  susceptibility  for  the  austenitic  stainless  steels  is 
strongly  dependent  upon  the  amount  of  delta  ferrite  present  in  the  aus- 
tenitic phase.  The  FZ  crack  susceptibility  increases  with  decreasing 
amounts  of  delta  ferrite  present.  Wells  and  Hagadorn  have  reported 

on  Varestraint  tests  in  high  manganese  stainless  steel  base  metal 
(Nitronic  33) . This  material  was  found  to  contain  no  significant  delta 
ferriue  prior  to  the  autogeneous  GTA  varestraint  weld  pass,  and  a 
measured  ferrite  number  (FN)  of  2.7  after  Varestraint  testing.  Most 
importantly,  this  fully  austenitic  stainless  steel  revealed  no  inaica- 
tions  of  FZ  or  HAZ  hot  cracking  susceptibility  at  augmented  strain 
levels  to  A%. 

It  thus  appears  that  Varestraint  tests  on  both  base  metals  and 
prior  deposited  weld  passes  in  the  materials  of  interest  to  this  program 
can  be  of  significant  usefulness  to  this  program.  Some  limited  testing 
of  this  noture  has  been  smarted  and  results  will  be  presented  in  the 
next  report. 
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Fig.  5-2  - Comparison  of  cryoginic  fracture  toughness  values  ( for  A-286  stainless 
steel  and  Inconel  X750  superalloy  obtained  by  various  laboratories 
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Fig.  5-3  - Photomicrographs  of  Inconel  718  Base  Metal,  As  Received  (A),  ST  at 
1066°C  (1950°F)/1  hr(B),  ST  at  982°C  ( 1800°F)/ 1 hr  iC)  and  ST 
(982°C)  DA(D)  (X225) 
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Fig.  5-5  - Photomicrographs  of  Inconel  718  Base  Metal  (I)  and  Udimet  718  (II)  - 
as  received  at  billet  center  line  (A)  and  at  Billet  0.  D.  (X225) 


RM-65154 


( B)  Weld  Schtmatic  Cross  Section 


(El  EZ-HAZ Transition 


(FI  FZ-HAZ  Trirsltlon 


706-C /As  Welded 


4S:8< 


RM-65151 


.1  .2  .3  .4  .5  .6  .7  8 

lAI  Mkrohardness  Survey 


(Cl  Weld  Macro-Section 


(Dl  Weld  Fusion  Zone 


■ ' ' '•■■I.'  ** 

■ /.'■  t'*''  si  ’ \v  >‘ 

‘ i J •>  V V-  ' ■'  ■' 
> ■ V V. 

\ i ,-v  T . ' 

: . .0>  j 

'''  > w . V ■ 


<G)  Weld  Fusion  Zone 


H BiseMfUl 


Fig.  5*6  *Microhardnes$  Survey  (A  & BK  Macrostructure<CUX4. 5)  and  Microstructure  or  GTA  welded  Inconei  706  (wek)  plate  no.  Cl 
aswelded.  (Dl  through (HMXZZS) 


mmm 


(E)  FZ-HAZTranjKion 


(Dl  Weld  Fusion  Zont 


(F)  FZ-HAZ  Transition 


429< 


WE-65152 


(ni  Wek)  Fusion  Zone 


(HI  Base  Metal 


Fig.  5-7 


-Microhardness  Survey  (A  & Bl,  Macrostructure (CHX4. 51  and  Microstructure  oIGTA  Welded  Inconel  706  (wekt  plate  no.  Bl 
(1.1  Through  (HI,  Full  STDA  PostWeldH.T.  (XZ25I 


(C  Weld  Macro-Section 


V06-B  / STDA 


.4  .5  .6  .7  8 

(Al  Microhardness  Survey 


(B)  WeU  Schematic 
rro«  Wtinn 


(f)  FZHIAZ  Tnnsmon  (Cl  WeK)  fusion  Zoo«  (HI  BosoMetii 


IN  -7H-2A/  STDA 


iAI  MkrohArdness  Survey 


(B)  Weld  Schematic 
Cross  SKtIon 


(C)  Weld  Wecro-Section 


(U)  Weld  Fusion  Zone 


IE)  FZ-HAZ Trensitlon 


(F)  FZ-HAZ  Transltlo.! 


< Cl  Weld  Fusion  Zone 


Fk).  5-9  -Microhardness  Survey  (A  & Bl,  Macrostructure  (Cl  (X51  and  Mlcrostructure  otCfA  welded  Inconel  718 1 weld  plate  No.  2A1  (01  through  (HI 
Full  STDA  post  weld  H.T.  (X225I 


RM-65149 


" 1 1 1 1 1 1 

V\  ^ ^ 

C-47  a 

«> 

C 

. >•  T/4 

C-37  ^ 
5 

C-57  5 

(11 (71 

1 1 1 1 1 1__ 

C-25  i 

(2) 

V)/Lr 


(Cl  Macro  - Section (X5I 


( Dl  WeW  Fujior.  Zone 


(E)  FZ-HAZ  Transition 


432< 


RM-65150 


X-750  H.  I.  P.  HXSB/SIOA 


T=.625 


161  Weld  Schematic 
Cross  Section 


IF)  FZ-HAZ  Transition 


(Gl  Weld  Fusion  Zone 


(HI  Base  Metal 


Fig.  5-10  -Microhardness  survey  I A & Bl.  macrostructure  (C)  and  microstructures  d GTA  weldment  In  Inconel  X/50 IHIP),  ID)  through  I HI,  with  full 
STDA  (nstweld  H.T.  IX2Z5I 


||  S50 
II  300 


I VO 

I-  - FZ  — J 


0 .1  .2  .3  4 .5  .6 

(Al  Mkrohardness  Survey 


O 

CVJ  f— 


o o 
if>  O 
CVJ  lf> 
ro  CO 


r>.  I—  CTi 

, f—  m o 
o o o o 
o|  . . . 
o o o 


3 

C_3 


CVJ  VO  ^ ^ 

o o o o 


o o o o 


, CVJ  CO  00  00 

r—l  CT>  f'  VO  C'. 

^1  • • • • 

o o o o 


, O CVJ  I — CTl 

•f-  ^ lo  VO  lio  VO 


CVJ  CVJ  CVJ  CVJ  CVJ 


vl) 


CVJ  (30  CVJ 
CVJ  (30  VO  CVJ 


r>.  VO 
00  VO 


to  Vf-  VO 
CVJ  CVJ  CVJ 


a:  a: 
c c 
> 

I s:  -a 

^ ^ t-i  0) 

i. 
O 

00  CL 

>-  > >e  tt) 
X X 00  o; 


VO  VO  VO  VO  VO 


(TJ 


+ 

-Q 


O VO  OV  CTl  CTl 
CD  Ov  00  00  OO 


O O O O O 


o 

CO 

X X 

1—  O Ll. 

VO  z VO 

• • • 

VJ  o 

o VO  r»-  +J 

CO — ' 1 

w| 

^ CO  wn 

c c 

VO  CM  VO  O 

00  o 

u| 

OJ  01 

VO  f—  1—  z 

o • 

3 3 

h-  h-  X-— 

X O 00 

VT  CT 

X X 

Z VO 

^ uT) 

• • 

uo  uo  ^ 

• • o o 

• • • 

'^1 

• • • 

o o z z 

O 4J  O 

V/)| 

o o o 

o o 

z z 

Z X z 

• • 

<«  ^ 

. . 4J  4J  00 

• • • 

VO 

V/>  Vi 

4J  4J  X X X 

4J  _J  -fj 

CM 

&.  t. 

XX  VO 

X QO  X 

O O i 

3 3 

vo| 

O O i 

O O 

«»  <»  • g 

• X •> 

• • 

SZ  f 

• • (VJ  u CO 

_J  —I 

o o 

(VJ(V5'»— 

C2£  E X 

Vf)  CM 

•1-  •>-  "O  ^ • 

O 00  O VO  00 


CO  «3-  CO  CO  CO 


s. 

o 


CVJ  CVJ  CVJ  CO 
• • • • • 
to  ^ VO  to  LO 


VO  I 


*3-  VO 
CVJ  CM  CM 


o o o o 


VO 

o o I 


J3  J3  Q. 


I "O  •!- 


CO 


VO 

UJ 


00 

<c 


UJ 


_ E^Z 
E E (J 
U U X • 

VO  +j 
^ CM  EX 


VO  I 


I—  CO  r>. 

o o o o 
o o o o 


o o o o 


o o 

O O OJ 

. . - X 

V 

Vf)  Vf)  4J 

in  o "o  " 

VO  VO  L. 

10 

CM  I—  C 00  E 

CO  ^ ^ 

f—  (—  o 

1. 

3 • U 

x| 

o o o 

— 

01 

»*  •»  o o 

O O O 1 

CM  CM  ^ 

(U 

Q. 

+J  +J  S-  r— 

• • • 1 

LD 

CJ  CJ  l- 

3 

(U  (U 

o o o 

• • • 

o 0 

00 

1—  I—  -o  X CM 

r-  (—  O 

O O +J 

OJ 

o o o 

0> 

•f-  •!-  z E 

_ 1 

CD  CM  CO  O 

CD  CD  C 

v> 

.o  .o  10  X X 

c 

O 1—  r—  CM 

lO 

_ 

z:l 

• • • • 

-t-»  ■*-  1/) 

CQ 

CD  CD  C 00  E 

O O O O 

VO 

<0  (VJ  — 

C C •!-  • (J 

CO  Vf)  in 

•1-  -r-  v»_  o 

o o o 

(—  4J  (U 

to 

CD  CD  1—  in 

1 

^ CM  ^ ^ 

VO  VO 

1.  1.  4J 

o o o o 

o o o 

(U 

o 

o o o 

VJI 

• • • • 

Ll.  Ll.  s:  CD  CD 


0)0)0) 

• 

z 

C C 

c c c 

c c 

MOM 

• • 

o 

1—  CSJ  CO 

O)  O) 

• • 

0)0)0) 

C 

h”  h”  h” 

vn 

1 1 1 

s-  u 

c 

S-  S-  s- 

o 

• • 

VO  VO  VO 

a.  a.  a. 

o o 

o 

o o o 

c 

X 

X X X u.  u. 

Lu  Ll.  Lu 

4-> 

o 

4-> 

10 

4-> 

• • 

U) 

• • 

o 

_j 

_J 

-J 

• • 

— J 

O 

£ 

a 

X 

-o 

X 

<c 

E 

VO  X 

OJ 

00  £ 

c 

VO  X 

c 

VO  z: 

c 

£ 

o 

Ll. 

@zz: 

O 

o 

o 

(§)zx 

UJ 

o 

Li. 

00  I 
Z X 

vS 

• 

• 

• 

• 

• 

r—  CM  CO 


0.0.0. 
z:  z:  z: 


Ll. 

0 

O 

Lt. 

O 

0 

CO 

O 

ir> 

o 

0 

o 

o 

0 

CVJ 

“O 

c 

<0 

o 

4-> 

• 

o 

o 

<c 

Ll. 

1 

10 

10 

u 

u 

.c 

.c 

00 

CM  O 

^ <c 

Ll. 

Lu 

0 

0 ** 

O 

O 10 

tr> 

o u 

CO 

iO  .c 

«w>* 

^ o 

CM 

o 

O 1 

0 

0 

CM 

f—  Lu 

CO 

0 

00  o 

o 

4-> 

-l->  CO 

03 

(0  1— 

OJ 

OJ 

C7> 

CD  O 

< 

< 0 

■ 9^ 

• CD 

• 

• 

CJ 

• 

4J 

< 

«C  (O 

n QJ 

s- 

S-  CD 

.c 

X < 

* ** 

1 

1 

— ' -o 

Ll. 

Ll.  OJ 

0 

0 T- 

O 

O H- 

o 

O •!- 

CX) 

00  • o 

• CJ  0) 

CJ • Q. 

• <C  (/) 

u <t  u c 

0 

o « 3 

CM 

«CM  (/) 

CX) 

Li)  OC  c.  • 

O) 

S-  CD  x:  Q. 

X E 

4-> 

4J  o vu 

00  «3  CM  1— 

\— 

h- 

00 

VO  1— 

V 

w 

to 


o o o o o 


VO 


<c 

a 


<c 

a 


VO 

00 


■o 

c 

o 

u 


VO 


VO 


<c 

h- 

VO 


-I 

QC 


VO 

00 


1 


o 


o 


o 


o 

2 

(U 

T3 

O 

o 


X X X X X X 
I I I I I I 

m vo  00  o> 
vO  vO  vO  vO  vO  vO 


XXX 
1 1 1 

O »H  CN 
1^  1 

m <■ 

xxxxxxxx 

I I.  I.  I.  I I I I 


Oi-lcMro-^invor^ 

0000000000000000 


o 


o 


o 


O 

w 


o 

o 


I 

m 

(d 

H 


C 

o 


•a 

a 

o 

o 


(U 

N .-s 
•H  V 
^ W N 
V >H 
N C (A 


to 


ki 

o 

(1) 

a 


n c 

O fll 
(U  u 


Cl 

cr. 

(d 

o 

o 


-o  "O  -o 
«l  « « 
^ N N N 


« « « 


■ « «a 


5g 

> 


± Wi  Vi  u u u 

> IS  3 £ |2  2 
^ 

< s s s s 

p ^ ^ 'N.* 

H H H H H H 

Vi  in  Vi  Vi  Vi  Vi 


^ ^ > 

X 06 

fa  5 •< 

W > P 
I I H 
S S W 
M M 

> > 3 
^ 
H 

< < O 

H M 
to  to  to 


< 

H 

to 

% 

o 

< 

H H 
CO  to 


■O 

0) 

N 


o o o to 


0 


I J 


u 

Q> 

4J 

s 


00 

iH 

O 

00 

r>» 

r> 

m 

iH 

iH 

u 

0) 

O 

p 

C 

a 

A 

O 

o 

o 

a 

o 

o 

u 

o 

a 

a 

a 

u 

M 

M 

M 

437< 


V 

® 
( J 


inl 

I 

u 

•< 

H 


O 

§ 

CL< 


U 

c/] 

3 

S 

O 

2 

M 

H 

C/1 

u 

3 


a 

Q 

a 


Oi 

U 

H 


U: 

O 


55 

O 


M 

O 


O 

O 

O 


X 

CJ 


fO 

o 

o 

o 


<M 

O 

O 


o 

o 

o 


o 

u 


<Q  (Q 
oa  PQ 


o o 

V V 


o o 

V V 


0) 


D 

O 


^1 


r^. 

o\ 


CO 

m 


r^. 

•4‘ 


00 


<N 


m 


o 

cn 


00 


VO 


<N 

m 


vn 


o 

O 

V)| 

! <N 

V 

V 

1 

•^1 

co| 

o 

o 

o 

I o 

V 

V 

o 

ro 

ro 

eg 

iH 

u| 

>3- 

ro 

O 

■oi 

O 

O 

VO 

u| 

ro 

ro 

O 

ov 

ov 


ov 


o 

so 


m 

o 


+ 

r«* 

O 


o 

r> 


00 

m 


m 


o 


r*> 

O 

O 


ro 

O 


r>. 

O 


o 

o 


Ov 


CM 

00 


<N 

fH 

m 


ov 

ov 


o> 

<r 


ro 

m 


o 


r- 

o 

o 


o 

m 

o 

o 


o 

o 

o 


VO 

VC 


eg 


eg 


r>. 

ro 


eg 

o 


m 

Ov 


eg 


erv 

O 


VO 


ON 

sr 


<r 

<r 

o 

o 


lO 

o 

c 

o 


cn 

o 

o 


o 

o 


00 


o 

eg 


VO 


VO 

fO 


eg 

O 


VO 

Ov 


eg 


fO 

ro 


VO 


O 

00 


VO 

sr 


CNI 

CNI 


•4* 


lA 

*A 


O 


O 

Ov 


eg 


VO 

lA 


ON 

ro 


0) 

U 

6 

(Q 

00 

o 

a 

>3* 


T3 

0) 

u 

0) 

•H 

CO 

d 

o 

o 


u 

o 

a 

0) 

oo 

c 


u 

0) 


CO  05 

•H  V 

cd  0) 
u 
0) 
u 

CL 

§ 0) 

Mg  *£ 

o 

Mg 
d o 
o 

•H  ro 
U I 
t4  lA 


o 

ro 

eg 

CO 

O 0) 

iH 

iH 

eg 

O 

rN. 

eg 

O fl 

y H 

O 

H a 

• 

• 

• 

rt  "H 

eg 

u 

t g 

o 

o 

o 

« > 

o 

o 

o 

JS  -H 

• 

• 

U 00 

U 

H 

O 

2 


□ 


.J 


o 


'•3' 

O 


VO 

O 


ro 

O 


o 


u 

U 

z 

L< 

z 

<d 

0) 

0) 

lA 

0) 

eg 

CL 

VO 

CL  = 

O ^ 

o ^ 

,/~N 

u o 

O 00 

•H 

• U 

•H 

• u 

£ 

cj  r 

> 

U4 

•Sm^  ^ 

w ^ 

> iH 

lA  ^ 

1 

4J 

Cd 

> 

O < 

lA 

00  X 

00 

iH  (U 

00 

i-g  0^ 

VO  1 

JL 

»-) 

ro  H » 

iH  M 

Cd  B 

Cd  B 

o S 

o s: 

c 

> 

u cd 

r^. 

u cd 

M 

r^M 

o o 

4J  4J 

0)  *H 

0)  *H 

> 

> 

CJ  *H 

Q 

X 

2: 

S TJ 

X 

X TJ 

Z 

25'-' 

Z CO 

CL 

M 

M 

M 

M 

M 

M 

o 


ei 

£1 


00 

-a- 

00  X 
_ 

X ^ 


-a-  I 
X 

X 

O J«! 
•H  O 
jr  -H 
AJ  J3 


00  : 

m 

c 

o 

•H 

(0 

3 

>-l 

u 

X 

(U 

u 

n) 

fH 

(H 


00 

n 


(U 

n 


>-i 

(U 


o 

o 

a 

V) 


(U 

i-i 


>-i 

(U 


o 

o 

a 

(0 


=tfa  ^ 


oi 

u 

I 

X 


n) 

•w 

•a 

fN| 


I 


fl3 

•H 

00 


X 


VO 

CM 

X 

00 

rH 

X 

00 


U) 

(d 


(d 

(0 


1 CM 

CM 

rH 

1 

z 

pX 

fH 

1 

fH 

X 

iT\ 

o 

/-s 

u 

H X 

X 

m 

fH 

CM 

4J 

H 

•H 

“ 

fH 

c 

Cd 

JZ 

•a 

• 

•a 

'O 

<n 

* 

•H 

4J 

4J 

C cfl 

(d 

3 

c 

0) 

/-s 

3 Cd  -H 

•H 

3 

0 

0C4 

o: 

TD 

B 

; 

H 

q < 'O 

•o 

q 

o 

sc 

o 

0) 

fH 

Cd 

X > 

fa 

pti 

•H 

1 : 

* 

(U 

4J 

Cd 

0) 

0) 

u 

p-i  in 

CM 

O' 

O' 

4J 

0) 

0) 

fH 

4J 

0) 

fa  H >a- 

SO 

fa 

cd 

0) 

JC 

H 

Cd 

4J 

fa  > o 

O 

fa 

(h 

x: 

CO 

•H 

fH 

(d 

sc  • 

• 

sc 

SC 

04 

CO 

M-l 

04 

a 

OJ 


o 

m «a- 
X 


gC!9 

u-i  w 
« 

m 0) 
■o  B 
^ n) 
O (A 

a'-" 

J=  >H 
CO  Ci3 

g-c 

0) 

O 4J 

t § 


o 


X 

X 

& 

>4 

• 

fa 

fa 

td 

X 

X 

CO 

X 

Oi 

X 

0 

lO 

o 

m 

o 

o\ 

o\ 

m 

o 

M 

O 

O 

o 

t'- 

Cs. 

CO 

o 

fH  ^ 

«N 

n 

CO 

O'. 

X 

00 

00 

vO 

4J 

Cd 

g H 

m 

rs 

-a- 

X 

X 

a 

■SJ 

H 

H 

H 

H 

H 

H 

H 

H 

H 

X 

X 

X 

X 

X 

X 

X 

X 

S 

0 


D 


\£> 

I 

m 

(d 

5 


• 

> 

• 

> 

• 

> 

« 

> 

« 

> 

• 

> 

• 

> 

•H 

•H 

•H 

•H 

•H 

•H 

•H 

a 

Q 

a 

Q 

a 

a 

a 

X 

X 

X 

X 

X 

X 

X 

CJ 

o 

o 

o 

o 

o 

o 

o 

o 

fH 

fH 

fH 

fH 

fH 

fH 

rH 

4J 

p 

H 

rH 

fH 

fH 

fH 

fH 

fH 

C/3 

D« 

0) 

< 

c 

< 

< 

< 

< 

c 

Q 

o 

a 

c 

a 

a 

a 

a 

a 

3 

bO 

U 

u 

o 

o 

o 

o 

o 

o 

o 

PC 

d 

u 

4J 

4J 

u 

4J 

rH 

o 

0) 

00 

00 

00 

00 

00 

00 

00 

(V 

d 

CO 

oo 

a 

a 

c 

a 

a 

c 

3 

(A 

60 

'O 

•H 

•H 

•H 

•H 

•H 

•H 

•H 

d 

o 

o 

4J 

4J 

4-t 

u 

o 

X 

Q 

c 

g 

c 

a 

a 

3 

rt 

JC 

1 

3 

3 

3 

3 

3 

3 

3 

dO 

rH 

Vi 

X 

X 

X 

X 

X 

X 

X 

a 

Cd 

a 

•H 

H 

o 

o 

o 

o 

o 

o 

o 

4J 

0/ 

0) 

u 

u 

u 

u 

u 

u 

u 

(A 

T3 

x: 

z 

z 

z 

z 

z 

z 

z 

Q} 

o; 

04 

M 

M 

M 

M 

M 

M 

IH 

!5 

t-4 

4^ 


m 

00 

VO 

< 

CO 

rH 

o 

fa 

rH 

i-i 

00 

m 

1 

Q 

2: 

Z 

z 

0< 

M 

M 

M 

>4 

o; 

TD 

§ 

PL| 


O 

m 

X 


PROCESSING  AND  HEAT  TREATMENT  SCHEDULES*-  WESTINGHOUSE  FY  75  PROJECT  MATERIALS 


U 

3 

O 

-C 

0 

'O 

•> 

O 

rH 

a 

m 

rH 

0 

u 

o 

O 

rH 

o 

o 

rH 

mh 

a 

rH 

✓-> 

ns 

U 

rH 

'3  rH 

S-i 

cO 

1*4 

u 

C rH 

3 

0 

•H 

o 

ns  1 X 

'O 

U 

o 

< 

4J 

o\  H 

<u 

0) 

o 

M CO 

o 

iH 

iH 

1 

• 

X < 

o 

rH 

rH 

CJ 

O H 

u 

•H 

U 

• 

5 CO 

o. 

Xi 

* 

3 

U4 

< <u 

• 

O 

rQ  W CA 

4J 

H 

x: 

» M 

rH  U 

o 

• 

CA 

O rH  ns 

ns 

ac 

rH 

O rH  O 

X 

vO 

3 

ns  o 

U4 

fH 

c 

1 

O 

e 

o 

j:: 

• (A  'O 

X 

•H 

U4 

o c 

U 

0 

00 

• *o  ns 

• 

• 

ns 

O 

• 

<I  rH 

<U 

ns 

4 1 

o 

1 

o 

<U 

oo 

•H 

•H 

00 

• 

1 iH 

c 

'O 

a 

U4 

< 

>»  1 

ns 

•H 

0 

U tTi 

u 

j; 

o 

'O 

m 

'O 

X O 

00 

<u 

<u 

<SJ 

c 

4J 

<i) 

4J 

fO 

ns 

•H  S 

N 

s 

a 

ns 

rH 

<U  H 

•H 

o 

<u 

CA 

1 N cn 

CA 

*0  >-i 
4J  <U  3 
00  O 
C < X 
o 

•H  (U  00 
4J  r-t 

3 ,a  "O 

rH  3 <H 

o o o 
w Q x: 


•H  •< 
'rt  (u 

m u .u 
O'  9)  « 
•H  u 
<u  , 
o X) 
H (U  O 

Vi  u e ' 


TT 

'O 

1 

•ri 

fH 

a 

1 

•H 

V) 

O 

c 

C 

a 

X 

u 

(U 

ns 

o 

•H 

o 

#« 

'm 

'3 

o 

• 

Ph 

0 

O 

o 

o 

0 

F)h 

'3 

O 

#« 

• 

O 

0 

rH 

c 

C 

o 

< 

m 

o 

Si 

3 

rH 

rH 

CM 

o 

a 

O 

1 

-H 

CM 

•H 

c 

^3 

rH 

«k 

O 

o 

C 

u 

O 

X 

(U 

u 

3 

S-. 

4J 

4J 

o 

a 

a 

ns 

c 

CO 

U 

iH 

• 

0) 

4J 

o 

o 

0) 

3 

c 

O 

1 

• 

00 

O’ 

• 

0) 

o 

tn 

ns 

CA 

o 

CM 

tn 

CA 

o 

rH 

0 

1 

«k 

0) 

0) 

ns 

O 

• 

iJ 

c 

CA 

O 

V) 

U 

ns 

0 

CA 

CO 

• 

:s 

o 

iJ 

0) 

iH 

X 

< 

•H 

• 

u 

1 

X 

'O 

0) 

PH 

1 

00 

1 

4J 

0) 

u 

u 

4J 

3 

CJ 

H 

1 

Ui 

X 

c 

u 

4J 

•H 

w 

JS 

(U 

X 

4J 

J) 

I l-l 
JZ 

o CO 

o 

O I u 

CO 

iH  < 
0 

I o c 

iri  flj 

H fO  X 
W -H  4J 


^3 

*3 

'3 

3 

3 

<11 

N 

N 

N 

•H 

•H 

•H 

fH 

rH 

rH 

rH 

rH 

rH 

ns 

ns 

3 

4J 

u 

4J 

CA 

CA 

CA 

>* 

>* 

V4 

u 

o 

O 

0) 

0) 

w 

PeS 

PCS 

od 

3 

3 

CJ 

U 

u 

H 

H 

H 

CO 

cn 

c/; 

< 

< 

3 

O 

Q 

Q 

< 

O' 

H 

H 

H 

H 

V) 

10 

10 

10 

>3 

X 

lO 

HT 

00 

OS 

o 

rH 

m 

CM 

fO 

rH 

SO 

VO 

VO 

SO 

r*s. 

00 

VO 

VO 

> 

1 

ri  O. 

X 

n a 

M 

"ri  o 

> 

u 

(U 

ti 

00 

£ nj 

iH 

06  06 
b4  < 

u > 

I I 
X X 


o 


lA 

I I I 

•4* 


m 

I I I 
m m 


m m m 
I I I 
AJ  *4* 


I <f 

m 


< 

< 

C 

< 

o 

00 

1 

ON 

1 

1 

H 

in 

I 

in 

1 

in 

1 

m 

tfi  HO 

• 

• 

• 

• 

M 1 m 

o ^ 

o 

u 

u 

o M 

00 

u oq  u 

« « 

a 00 

PO 

CQ 

O 

0)  O cni 

*H 

pci 

pci 

p^  TH 

•H 

p^  Pd  p^ 

s s 

P^ 

P:^ 

Pd 

Pd 

C m 

P^ 

P^ 

Pl4 

pl4 

T3  Od  ITI 

in 

l>l 

• 0) 

0) 

0) 

0) 

fl)  O 

nj  0) 

a\ 

cn 

00 

0) 

0) 

vo  r*^  o 

00  CN 

iH  0) 

m 

vO 

33  vO  lO 

m c/3 

nj 

nj 

cn 

C/3 

CO 

nj  00 

00  As 

CO 

ON 

00 

m 

1 

Id 

7>-s 

< 

T5 

T3 

'tJ 

2 

N 

X 

0) 

0) 

0) 

Uh 

V— ^ 

N 

N 

N 

1 

; 

/*\  N1 

•H 

•H 

•H 

00  /-> 

< 

c 

t>3  < 

iH 

•H 

*H 

( 

w 

z 

Q 

Q 

U<  X 

rH 

rH 

H 

1 

H 

c 

in  ^ 

H 

H 

N»' 

flj 

rJ 

flj 

00  ! 

25 

o 

CO 

^ t/5 

4J 

4J 

4J 

1 1 

u 

•H 

N N 

00 

Ch  "v 

< < 

(0 

(0 

1 

< 

^ \ 

£ 

iJ 

1 3 

1 3 

•o 

a Q 

fn 

r N 

TJ 

T1 

O 

T» 

< 

1 

u 

•H 

u u 

y < 

0) 

H H 

M 

M 

M 

0) 

0) 

H 

0) 

H 

U 1 

Pd 

*T3 

%,✓  w 

S H 

ac  H 

> 

W5  W 

O 

a 

U 

> 

> 

CO 

;> 

c/5 

o 

C 

N-^  O 

w O 

•H 

0) 

0) 

0) 

•H 

•H 

■-^ 

CP  1 

75 

0 

1:! 

o; 

3 3 

Pd 

Pd 

od 

0) 

3 

0) 

3 

c 

«d 

u 

£ 

H H 

H H 

u 

< < 

U 

O 

< 

CJ 

C 

H 1 

u 

CX4 

CO  CO 

C/5  W5 

0) 

H H 

15 

0) 

H 

0) 

H 

£ 

Pd 

<c 

O O 

CJ 

CJ 

u 

Pd 

< 

Pd 

< 

O 

Pd 

O 

H 

CX4  pL< 

Q 

Q 

Q 

< 

1 

u 

>1 

M M 

M M 

CQ 

H 

H 

H H 

H 

H 

H 

(0 

H 

H 

CO 

H 

H 

H 

CO 

H 

H H 

1 

N 

U 

X X 

X X 

< 

CO 

W5 

CO  CO 

CO 

CO 

CO 

< 

CO 

CO 

< 

CO 

W5 

CO 

< 

CO 

C/5  W5 

•s  a 

o in 

o *H 


^ ^ 
^ m n£)  rv  00  ON 
lO  vO  vO  vO  vO  vO 


id 

Pd 

/-N 

X 

/-V 

Pd 

< 

X 

< 

M 

> 

M 

> 

X 

iH 

1 

1 

1 

U 

to 

X 

X 

£ 

s 

H 

•H 

M 

M 

M 

M 

X 

> 

> 

£ 

0) 

>«✓ 

s-x 

4J 

o 

eg  in 

u-i 

00 

vO 

NO 

S rn 

rH 

O 

O 

iH 

X 

1 

Q 

Z 

2 

Z 

Pm 

M 

i-i 

M 

M 

TABLE  5-11 -SUMMARY TABLE  Of  WEI.OING  DATA  (FYT5) 


Code  62XX  tlX-BA,  Bi 

BeseMetil  InXTSOHIP 

Thickness  5/8  Inch 

Weld  Joint  Butt.  Double-V.  60*  Incl.  Angle 

Process  CTAW-AAenuel 

Filler Metil  F-69,  3/32" Ola.,  HT21C8 

Current  OCSP-180  Amps  «2. 5-121  <!• 

voltage  17-18  Volts 

Electrode  £WTh-2,  3/32"  Ola. 

Welding  Speed  ~3to6  Ipm 

Na  of  Passes  12 

Shielding  Gas  50t  Ar-50T>He.  20cfh 

Root  Backing  Gas  I00«  He.  60  cfh 

Root  Gap  3/32"  Appro*. 

DyeChec.  OPT)*  Yes 

Radiographs  RHX-8A 

R HX-8B 

111  RootPass  Ml).  lAOAmps,  14-U  Volts 
Pas.  <3  64.  160  Amps.  15-16  Volts 


63XX  (HX-dA.  B) 

In  X750HIP 
3/4  Inch 

Butt,  K-Croove,  45*  Incl.  Angle 
GTAW -Manual 
F-69,  3/32*  Ola. , HT  21C8 
OCSP-185-190  Ampsl«-13) 

16-17  Volts 
EWTh-2,  3/32"Oia. 

-3  to  6 Ipm 
13 

50%  Ar -50*  He,  20clh 
loot  He.  60clh 
3/32"  Approx. 

Yes 

R HX-9A 
R HX-9B 

121  Root  Pass  mi . 145  Amps.  14-14. 5 Volts 
Pass  42  6 3 165  Amps.  15-17  Volts 


74XX  IL-ll 
INCO  UA 
1 1/8  Inch 

Butt,  Double-V,  60*  Incl.  Angle 

GTAW-Manual 

IN  LEA.  1/8"  X 1/8"  X 26" 

DCSP-lTOAmps  11.2.4-91,  185  Amps  lllD-39)  161 
14. 5-15  Volts  II.  2. 4-9i , 15-17  Volts  I41D-39I 
EWTh-2, 3/32"  Dia. 

-3  to  6 Ipm 
39 

100*  Ar.  20  cfh 
100*  Ar.  lOcIh 
3/32"  Appro*. 

Yes 

RD  75131 

Pass»3.  120  Amps,  12  Volts 


Code 

65XX  IIA.B.CI 

66XX  I2A.  B.  Cl 

74XX  (L3I 

Base  Metal 

In  718  (VIM-VARi 

In  718  IVIM-VARI 

INCO  LEA 

Thickness 

11/16  Inch 

5/8  Inch 

1/2  Inch 

Weld  Joint 

Butt.  Oouble-V.  60* Incl.  Angle 

Butt,  K-Croove,  45*  Incl.  Angle 

Butt.  Oouble-V. 

Process 

C1AW-A4anual 

CTAW-Atanual 

GTAW-Manual 

FlllerMetal 

F-718.  1/16 "Ola.,  HT7)U 

F718,  l/16"0ia.,  HI73C4 

IN  LEA.  1/8"  X 1 

Curicnt 

OCSP-165  Amps  1*2-81,  140  Amps  l*9-14i 

0CSP-180A  1*4-9),  130  Amps  1*10-17) 

DCSP-165  Amos 

Voltage 

15-16  Volts  1*2-8) . 14-15  Volts  IPI-14)  (3) 

16-17  Volts  1*4-91 , 74  15  Volts  1*10-17)14)  15-16  Volts 

Electrode 

EWTh-2.  3/32"  Ola. 

EWTh-2,  3/32"  Ola. 

EWTh-2.  3/32"  [ 

Welding  Speed 

- 3 to  6 Ipm 

' 3 to  6 ipm 

-3  to  6 Ipm 

No.  of  Passes 

14 

17 

ID 

Shielding  Gas 

50*  Ar-50*  He.  20  cfh 

50*  Ar-50*  He.  20  clh 

inotAr,  20 cfh 

Root  Backing  Gas 

100*  He,  60  cfh 

100*  He.  60  clh 

lOOtAr,  ID  clh 

Root  Cap 

3/32"  Appro*. 

3/32"  Appro*. 

3/32"  Appro*. 

Dye  Check  lOPTI  * 
R^lographs 

Yes 

Yes 

Yes 

RO  75192 

Root  Pass  1*1)  145  Amps.  14-15  Volts  Ml 


Root  Passim  145  Amps.  14-14. 5 Volts 
Pass  2 i 3.  165  Amps.  15-16  Volts 


Pass  1*3),  120  Amps.  12-12.5  Volts 


Code  72XX  (A,  BI  72XX  IC) 

BaseMetal  In  706  I VIM-VAR)  In  706  IVIM-VARI 

Thickness  ll/161nch  ll/16"lnch 

Weld  Joint  Butt.Double-V  60*  Incl.  Angle  Butt,Oouble-V  60*  ln< 

Process  GTAW-Manual  GTAW-Manual 

FlllerMetal  F-718.  1/16"  Ola.  HT  73C4  F-718  1/ 16"  Ola,  HT  ; 

Current  DCSP380Amp5l2-4l.  140Amps(5-25l  DC  SP- 160 -165  Amps  I 

Voltage  14. 5-17  Volts  14. 5-16  Volts 

Electrode  EWTh  -2,3/  32"  Ola . EWTh  -2,3/  32"  Ola. 

Welding  Speed  -3  lob  Ipm  -2la4ipm 

No.  of  Passes  25  10 

Shielding  Gas  50*  Ar-50*  He  20clh  50*  Ar-5W  He  20cth 

Ryot  BackI  ng  Cj  s 100*  He  60  clh  KXTi  He  60  cfh 

Root  Cap  3/ 32"  Appro*.  3/ 32"  Appro*. 

Dye  Check  I DPT)  • Yes  Yes 

Radiographs  RD  75256  RO  753)9 

RD  75257 

•Note-  Dye  checked  after  root  pass  groundoul,  after  second  pass,  and  after  last  pass  both  sides 


72XX  Id 
In  706  IVIM-VARI 
1 1/16"  Inch 

Butt.Oouble-V  60°  Incl  Angle 

GTAW-Manual 

F-718  1/16"  Ola,  HT  73C4 

DCSP-160-165  AmpsI  l-«(.  140  Ampsl5-1D) 

14.  5 16  Volts 

EWTh -2,3/ 32"  Ola. 

- 2 to  4 ipm 
ID 

50*  Ar-5W  He20cfh 
10(7*  He  60  cfh 
3/ 32"  Appro*. 

Yes 

RO  75)39 


444 


6.0  FRACTURE  MECHANICS 


Introduction 


The  development  of  increasingly  more  cryogenic  or  superconducting 
devices  and  the  almost  total  lack  of  low  temperature  fracture  mechanics 
material  properties  (especially  relative  to  the  austenitic  materials  so 
ideally  suited  for  low  temperature  structural  applications)  has  created 
a strong  demand  by  designers  for  the  material  properties  required  to 
insure  immunity  from  structural  failure  of  these  systems.  Naturally, 
the  cryogenic  environment  has  placed  severe  restrictions  on  the 
development  of  these  required  material  properties,  especially  those  in 
the  area  of  fracture  mechanico  technology.  Recent  advances  in  fracture 
mechanics  technology,  especially  in  the  area  of  elastic  plastic  fracture, 
have  now  made  it  possible  to  determine  the  required  fracture  mechanics 
material  properties  (specifically  fractvire  toughness  and  crack  growth 
rate)  necessary  to  permit  the  application  of  fracture  mechanics 
cechnology  to  structures  and  components  subjected  to  cryogenic  environ- 
ments, thus  insuring  their  structural  performance. 


This  section  of  the  technical  report  presents  and  summarizes 
the  material  properties  (tensile,  notched  tensile,  fracture  toughness 
and  fatigue  crack  growth  rate)  generated  throughout  the  Westinghouse 
FY  75  ARPA/NBS  program. 


6.1  Tensile  Results 


All  tensile  and  notched  tensile  properties  developed  through- 
out the  Westinghouse  FY  75  program  are  summarized  in  Tables  6-1  through 
6-3,  although  these  same  properties  relative  to  Inconel  706  (VIM-EFR)  and 


INCO  LEA  base  metals  were  previously  described  in  detail  elsewhere 
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Figures  6-1  and  6-2  Illustrate  the  tensile  properties  of 

solution  treated  and  double  aged  Inconel  706  (VIM-EFR)  and  (VIM-VAR), 

respectively.  Note  all  the  tensile  properties  (0.2  percent  yield 

strength,  ultimate  tensile  strength,  reduction  in  area  and  elongation) 

of  Inconel  706  are  independent  of  manufacturing  process.  The  yield 

strength  of  Inconel  706  Increases  slightly  with  decreasing  temperature 

and  exceeds  the  yield  strengths  of  all  manufacturing  process/heat 

(1  2) 

treatment  combinations  of  Inconel  X750  previously  investigated  * at 

each  comparable  test  temperature.  The  ultimate  tensile  strength  of 

Inconel  706  was  surpassed  at  all  three  test  temperatures  only  by  the 

(1  2) 

ultimate  strength  of  vacuum  induction  melted  (VIM)  Inconel  X750.  * 

The  ductility  of  Inconel  706  is  comparable  with  that  demonstrated  by 
the  more  ductile  manufacturing  process/heat  treatment  combinations  of 
Inconel  X750.^^’^^ 

The  tensile  properties  of  Inconel  706  (VIM-VAR)  gas  tungsten 
arc  (GTA)  welds  are  Illustrated  in  Figure  6-3.  Note  these  Inconel  706 
welds  were  post-weld  heat  treated  (STDA),  and  th»f  all  tensile  specimens 
fractured  in  the  weld  fusion  zone.  Three  of  the  jix  tensile  specimens 
(one  per  test  temperature)  exhibited  visual  gauge  length  porosity  prior 
to  testing.  Specimens  containing  this  porosity  demonstrated  significant 
degradation  of  ultimate  tensile  strength  and  ductility,  especially  at 
low  temperatures,  when  compered  with  specimens  which  visually  featured 
porosity  free  gauge  lengths.  The  yield  strengths  displayed  only  moderate 
dependence  on  porosity.  The  Inconel  706  gas  tungsten  arc  weld  yield 
strengths  are  only  slightly  below  those  of  Inconel  706  base  metal.  The 
ultimate  tensile  strengths,  reduction  in  area  and  elongation  of  the 
welds,  however,  are  significantly  below  the  correspondingly  STDA  heat 
treated  base  metal  properties. 

Tensile  properties  of  solution  treated  and  double  aged  Inconel 
718  (VIM-VAfl),  a nickel  base  superalloy  similar  to  Inconel  706,  are 
shown  in  Figure  6-4.  The  yield  and  ultimate  tensile  strengths  of 
Inconel  718,  like  those  of  Inconel  706,  increase  slightly  with 
decreasing  temperature.  The  yield  strength  of  Inconel  718  exceeds  that 


446< 


36 


ot  Inconel  706  by  approximately  12  percent  at  each  temperature 

while  their  ultimate  tensile  strengths  are  quite  similar,  especially 

at  cryogenic  temperatures.  In  addition,  the  75®F  (297  K)  and  -320®F 

(77  K)  Inconel  718  yield  strength  values  are  8 to  9 ksi  below  those 

(3) 

reported  by  Pettit  on  Inconel  718  sheet  whereas  the  room  temperature 

yield  and  ultimate  tensile  strengths  compare  ouite  closely  with  values 

(4) 

developed  by  Forman.  The  ductility  properties  ol  Inconel  718  f.re 
substantially  inferior  to  those  of  Inconel  706  at  all  test  temperatures. 

The  tensile  properties  of  Inconel  718  gas  tungsten  arc  (GTA) 

welds  are  illustrated  in  Figure  6-5.  Like  the  Inconel  706  GTA  welds, 

the  Inconel  713  welds  v?ere  also  post-weld  heat  treated  (STDA)  and  each 

tensile  specimen  failed  in  the  weld  fusion  zone.  Compared  with 

Inconel  718  base  metal  yield  and  ultimate  tensile  strengths,  the 

corresponding  GTA  weld  properties  are  moderately  inferior.  Pettit  also 

discovered  this  same  slight  drop  in  yield  strength  on  welded  Inconel  718 
(3) 

sheet.  Forman  investigated  four  types  of  Inconel  718  welds  (electron 

beam,  gas  tungsten  arc,  pulse-current  gas  tungsten  arc  and  plasma-arc 

(4) 

root  weld  with  gas  tungsten  arc  fill  passes).  Forman  also  noted  a 
slight  drop  in  room  temperature  yield  strength  for  each  of  the  welds 
investigated.  Furthermore,  in  comparison  with  the  room  temperature 
ultimate  tensile  strength  of  Inconel  713  base  metal,  Forman  found  room 
temperature  ultimate  tensile  strengths  of  the  various  GTA  welds 
moderately  inferior  while  a single  electron  beam  weld's  ultimate  tensile 
strength  actually  proved  superior.  Although  Forman  developed  -320®F 
(77  K)  tensile  data  on  the  same  four  weld  types,  he  reported  no  low 
temperature  inconel  718  base  metal  tensile  test  data,  so  direct 
comparisons  between  base  and  weld  metal  mechanical  properties  at  low 
temperatures  are  impossible.  Inconel  718  GTA  weld  ductility  is  extremely 
poor  with  elongations  at  75°F  (297  K)  and  -320®F  (77  K)  below  2 percent. 

Figure  6-6  presents  the  tensile  properties  of  a solution 
treated  and  aged  unnamed  low  expansion  iron-nickel  alloy  identified 
here  as  Inco  LEA.  The  Increase  in  yield  strength  with  decreasing 
temperature  demonstrated  by  Inco  LEA  is  considerably  greater  than  that 
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displayed  by  any  manufacturing  process/heat  treatment  combination  of 


(1  2) 

Inconel  X750  ’ or  by  Inconel  706  and  718.  This  large  Increase  in 


yield  strength  versus  decreasing  temperature  is  probably  largely 
due  to  the  very  high  iron  content  of  the  low  expansion  alloy  as  compared 
with  Inconel  X750,  706  and  718.  In  other  words,  the  yield  strength 
behavior  of  Inco  LEA  is  not  unlike  that  of  a ferritic  as  opposed  to  an 
austenitic  type  material.  The  room  temperature  yii  Id  strength  of  STA 


heat  treated  Inco  LEA  is  less  than  that  of  STDA  heat  treated  Inconel 


706  and  718  and  essentially  equal  to  that  of  the  various  STDA  heat  treated 


(1  2) 

Inconel  X750's.  ’ At  cryogenic  temperatures,  the  yield  strengths  of 


Inco  LEA  and  Inconel  706  are  equivalent.  The  ultimate  tensile  strength 
of  Inco  LEA  is  at  most  only  10  percent  greater  than  its  corresponding 
yield  strength,  indicating  that  Inco  LEA  experiences  little  deformation 
before  failure.  This  fact  is  further  substantiated  by  the  very  poor 
ductility  properties  (both  reduction  in  area  and  elongation)  exhibited 
by  Inco  LEA. 


Figure  6-7  examines  the  influence  of  test  specimen  orientation 
on  the  mechanical  properties  of  cold  worked  Kromarc  58  stainless  steel. 
Two  test  specimen  orientations,  designated  T-L  and  L-T  in  accordance 
with  ASTM  E399-7A,  were  investigated.  The  T-L  orientation  specifies 
that  the  loading  direction  for  both  tensile  as  well  as  compact  tension 
geometry  fracture  specimens  Is  perpendicular  (transverse)  to  the  rolling 
direction  whereas  the  L-T  orientation  specifies  the  loading  direction 
parallel  to  the  rolling  direction.  All  previously  reported  Kromarc  58 


mechanical,  fracture  toughness  and  crack  growth  rate  data  v/ere  generated 


with  specimens  machined  in  the  T-L  orientation.  ’ The  yield  strengths 
of  Kromarc  58  stainless  steel  were  Independent  of  orientation  at  cryogenic 
temperatures.  At  room  temperature,  however,  specimens  loaded  perpendicular 
to  the  rolling  direction  (T-L  orientation)  resulted  in  a moderately 
higher  yield  strength.  The  ultimate  tensile  strength  of  Kromarc  58 
was  relatively  insensitive  to  orientation  except  at  -452®F  (4  K) , where 
loading  parallel  to  the  rolling  direction  (L-T  orientation)  produced  a 
higher  ultimate  tensile  strength.  Concerning  the  ductility  of  Kromarc  58, 
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specimens  loaded  parallel  to  the  rolling  direction  realized  moderately 
superior  reductions  in  area  and  slightly  greater  elongations  at  all 
test  temperatures. 

Overall,  the  yield  and  ultimate  tensile  strengths  of  cold 
worked  Kromarc  58  are  comparable  with  those  of  Inconel  706  and  718 
plus  Inco  LEA.  Compared  with  the  various  Inconel  materials,  the 
ductility  of  cold  worked  Kromarc  58  (especially  reduction  in  area)  is 
often  superior. 

The  tensile  properties  of  solution  treated,  quenched  and  aged 
A286  stainless  steel  are  presented  in  Figure  6-8.  Mechanical,  fracture 
toughness  and  crack  growth  rate  properties  were  developed  on  this 
precipitation  hardenable,  Fe-Ni-Cr  superalloy  often  referred  to  as 
ASTM  A453  or  AISI  660  as  part  of  an  internal  Westingliouse  research 
program  totally  independent  from  the  present  ARPA-NBS  program.  The 
yield  and  ultimate  tensile  strengths  of  A286  are  considerably  below  those 
of  Inconel  706  and  718  while  the  yield  strengths  of  A286  and  Inconel 
X750  (AAM-VAR) are  surprisingly  similar.  The  ductility  of  A286 
stainless  steel  is  above  average  and  on  a par  with  that  of  Inconel  X750 
/■AAM_VAD\ Inconel  706. 


(AAM-VAR) 


Reed,  et  al.  observed  the  mechanical  properties  of  an  A286 
stainless  steel  of  almost  identical  chemical  composition  and  heat 
treatment. Although  Reed’s  yield  strength  values  were  significantly 
bclf'w  those  reported  here  regardless  of  temperature,  Reed's  tensile  and 
associated  compact  tension  geometry  fracture  and  crack  growth  specimens 
were  machined  in  the  T-S  orientation  with  respect  to  the  forging  axis 
(per  ASTM  E399-74)  while  the  Westinghouse  specimens  were  oriented  in 
the  L-T  direction.  These  two  distinct  specimen  orientations  could 
easily  account  for  the  large  variation  in  m*^',nanical  properties. 

The  tensile  properties  of  a high  strength,  high  conductivity 
copper  base  alloy  identified  as  PD  135  are  summarized  in  Table  6-4. 

The  yield  and  ultimate  tensile  strengths  of  PD  135  are  approximately 
four  times  and  29  ksi  greater  than  those  of  as  received  OFHC  copper, 
respectively,  regardless  of  test  temperature . In  addition,  as 
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demonstrated  by  OFHC  copper,  the  yield  strength  of  PD  135  remains 
essentially  constant  with  temperature  while  the  ultimate  tensile 
strength  increases  slightly  with  decreasing  temperature.  The  reduction 
in  area  experienced  by  PD  135  is  at  most  13.5  percent  below  that  of  as 
received  OFHC  copper  whereas  the  elongation  of  PD  135  is  significantly 
below  that  of  as  received  OFHC  copper  regardless  of  test  temperature. 

The  ductility  properties  demonstrated  by  PD  135  are  quite  good,  however, 
especially  when  compared  with  those  of  Inconel  X750,  706  and  718  plus 
Inco  LEA. 

6.2  Notched  Tensile  Results 

The  purpose  of  notched  tensile  tests  is  to  screen  the  notch 
toughness  in  terms  of  the  comparison  parameter  defined  as  the  ratio  of 
notched  tensile  fracture  strength  to  the  tensile  yield  strength  of  a 
particular  material  for  a specific  notch  acuity.  Increasing  values  of 
the  ratio  above  1.0  are  considered  to  indicate  increasing  ability  of  the 
material  for  plastic  deformation  at  the  notch  tip.  Stated  alternatively, 
increas'*ng  values  cf  the  ratio  above  1.0  can  be  utilized  as  a measure  of 
the  material's  resistance  to  catastrophic  brittle  fracture. 

In  all  cases  the  root  radius  at  the  bottom  of  a particular  test 
specimen's  sharp  V-notch  was  adjusted  to  yield  a stress  concentration 
factor  (K^)  equivalent  to  10.  It  should  be  pointed  out  that  the  notched 
tensile  fracture  strength  was  calculated  by  dividing  the  maximum  load 
experienced  by  a test  specimen,  or  in  a few  cases  where  the  load  dropped 
slightly  before  failure  dividing  the  fracture  load,  by  its  original  as 
opposed  to  final  cross-sectional  area.  This  was  largely  due  to  the  great 
difficulty  in  accurately  measuring  the  extremely  small  change  in  test 
section  diameter  (hence  cross-sectional  area)  experienced  by  the  test 
specimen. 

As  previoiosly  mentioned,  all  th.  notched  tensile  properties 
are  summarized  in  Tables  6-1  through  6-3.  The  notched  teneile 
strength  to  tensiJe  yield  strength  ratios  (NTS/a  ) for  Inconel  706 

y®  (1  2) 

compare  with  those  previously  developed  on  Inconel  X750  ’ and  exceed 
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those  of  Inconel  718  and  Inco  LEA.  Also,  note  the  (NTS/o  ) ratios  of 

ys 

both  Inconel  706  and  Inconel  718  gas  tungsten  arc  welds  are 
significantly  below  those  of  the  corresponding  base  materials.  Recall, 
si-*-  Inconel  706  and  718  GTA  weld  smooth  bar  tensile  specimens  failed 
in  the  weld  fusion  zone.  On  the  other  hand,  the  (NTS/o  ) ratios 

ys 

relative  to  Inconel  X750  gas  tungsten  arc  and  electron  beam  welds  are 
comparable  to  those  of  the  Inconel  X750  (VIM-VAR)  base  metal. 

Ib  is  interesting  to  note  that  all  Inconel  X750  smooth  bar  weld  tensile 
specimens  which  were  heat  treated  following  welding  (as  were  the 
Inconel  706  and  718  welds)  failed  in  the  base  metal.  Obviously,  from 
a mechanical  properties  standpoint,  post-weld  heat  treated  Inconel  X750 
welds  are  at  least  as  strong  as  the  corresponding  base  metal  where 
post-weld  heat  treated  Inconel  706  and  718  welds  are  not. 


6.3  Fracture  Toughness  Results 

The  well  documented  linear  elastic  (K_  ) fracture  criterion 

J»C 

with  its  inherent  plane  strain  specimen  size  limitation  cannot  produce 
valid  fracture  toughness  results  (per  the  ASTM  Test  for  Plane  Strain 
Fracture  Toughness  of  Metallic  Materials,  E399-74)  on  tough  austenitic 
materials  unless  specimens  of  very  large  thickness  are  employed,  which  in 
turn  are  not  representative  of  the  cross-sectional  thicknesses  found  in 
the  majority  of  actual  cryogenic  structures.  Furthermore,  if  a failure 
should  occur,  proper  design  of  cryogenic  structures  or  components  would 
cause  these  structures  or  components  to  fail  plastically  (elastic 
plastic  fracture)  as  opposed  to  catastrophically  (linear  elastic  fracture) 
Therefore,  where  applicable,  all  our  fracture  toughness  values  v/ere 


obtained  via  the  elastic  plastic  Ul^.)  fracture  criterion 


(7,8) 


and  the 


associated  resistance  curve  test  technique  for  determining  elastic 
plastic  fracture  toughness  values.  This  resistance  curve  test 
technique  is  described  in  detail  in  Reference  9 and  in  addition,  the 
primary  steps  were  outlined  in  a previous  technical  report^^^  and  as 
such  will  not  be  repeated  here. 
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Tables  6-4  and  6-5  summarize  all  the  fracture  toughness  values 

relative  to  the  various  materials  covered  In  this  report.  For  comparison 

purposes,  the  ratios  — ^ and  are  also  Included  In  Tables  6-4  and 

Oys  Oys  Kip 

6-5.  Typically,  the  material  with  the  highest  — ^ ratio  can  be  expected 

y®  (10)  ^ , 

to  be  the  most  tough  material  for  a given  application.  The  pxane 

Kxp 

strain  crack  size  factor  ( — provides  a measure  of  toughness  that 

Oys 

accounts  In  a single  parameter  for  the  Interactions  of  and  strength 
on  crack  size  tolerance. Stated  alternatively,  when  conducting 
a parametric  fracture  mechanics  analysis  (that  is,  the  applied  stress 
Is  considered  to  be  a fixed  percentage  of  the  particular  material's 
yield  strength)  the  critical  defect  size  for  failure  In  one  cycle  of 
loading  will  be  proportional  to  the  crack  size  factor. 


The  .1  resistance  curves  relative  to  Inconel  706  (VIM-EFR)  and 
(VIM-VAR)  are  Illustrated  In  Figures  6-9  and  6-10,  respectively.  Some 
explanation  Is  In  order  concerning  the  J resistance  curve  for  Inconel  706 
(VIM-VAR)  at  -452*F  (4  K) . Each  of  three  specimens  which  sustained  less 
than  0.010  In.  crack  extension  had  smooth  load-deflection  records 
from  the  Initiation  of  loading  until  the  unloading  point  was  reached. 

The  remaining  four  specimens,  however,  experienced  audible  "pop- Ins" 
along  with  the  associated  gross  amounts  of  crack  extension.  This 
partially  accounts  for  the  large  amount  of  data  scatter  demonstrated  by 
these  specimens.  The  only  feasible  solution  was  to  fit  two  straight 
lines  to  the  J versus  Aa  data  as  shown  In  Figure  6-10  where.  In  effect, 
the  straight  line  through  points  representing  specimens  which 
experienced  "pop- ins"  Is  Ignored  In  determining  Jig* 

The  -452®F  (4  K)  fracture  toughness  of  this  (VIM-VAR)  Inconel 
/06  material  exceeds  that  of  (VIM-EFR)  Inconel  706  by  approximately  9 
percent.  Recall,  the  mechanical  properties  of  these  Inconel  706  materials 


*The  crack  size  factor  Is  not  related  to  critical  crack  size  at  a stress 
equal  to  the  yield  strength  but  only  under  small-scale  yielding,  that  Is, 
at  applied  stresses  appreciably  below  the  yield  strength. 
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were  essentially  Independent  of  manufact-iring  process.  The  real  surprise, 
however,  is  the  room  temperature  fracture  toughness  of  (VIM-VAR)  Inconel 
706,  which  is  27  percent  below  the  -452“F  (4  K)  value.  The  difference  in 
crack  size  factor  was  almost  as  large  (24  percent) . 

As  was  suggested  by  notched  tensile  tests,  the  -452®F  (4  K) 
fracture  toughness  of  Inconel  706  (VIM-VAR)  gas  tungsten  arc  welds  was 
substantially  below  that  of  the  corresponding  base  material.  In  fact, 
fracture  toughness  of  the  Inconel  706  GTA  welds  was  low  enough  that 
valid  numbers  were  obtained  utilizing  0.5  in.  (1.3  cm)  thick  compact 
tension  specimens  and  a J resistance  curve  was  unnecessary. 

J resistance  curves  for  solution  treated  and  double  aged 
Inconel  718  (VIM-VAR)  are  presented  in  Figure  6-11.  Like  the  -452®F 
(4  K)  Inconel  706  J versus  Aa  data,  a large  amount  of  scatter  is 
apparent,  again  due  to  some  test  specimens  experiencing  unstable  "pop-in" 
crack  extensions  while  others  did  not.  Tlie  fracture  toughness  of  this 
Inconel  718  (VIM-VAR)  material  is  substantially  below  that  of  both 
Inconel  706  (VIM-EFR)  and  (VIM-VAR).  Therefore,  Inconel  718  pays  a 
heavy  penalty  in  terms  of  fracture  toughness  for  its  marginal  strength 
advantage.  Like  Inconel  706  (VIM-VAR),  the  fracture  toughness  of  Inconel 
718  (VIM-VAR)  is  lower  at  room  temperature  than  at  liquid  helium 
temperature . 

The  fracture  toughness  of  Inconel  718  (VIM-VAR)  gas  tungsten 
arc  welds  and  associated  heat  affected  zones  are  revealed  in  Table  6-4. 
Again  like  the  Inconel  706  gas  tungsten  arc  (GTA)  welds,  the  cryogenic 
fracture  toughness  of  both  Inconel  718  GTA  welds  and  associated  heat 
affected  zones  is  well  below  that  of  the  corresponding  base  material. 

In  addition,  valid  values  were  obtained  and  resistance  curves  proved 
unnecessary.  Although  the  difference  in  fracture  toughness  between 
Inconel  706  and  718  base  materials  is  large,  their  GTA  weld  fracture 
toughnesses  are  quite  similar.  Also,  note  the  Inconel  718  heat  affected 
zone  fracture  toughness  is  greater  than  that  of  the  associated  GTA  weld. 
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It  should  be  mentioned  that  the  previously  developed  fracture 
toughness  of  (VIM-VAR)  Inconel  X750  post-weld  heat  treated  (STDA)  gas 
tungsten  arc  and  electron  beam  welds  considerably  exceeded  that  of  the 
companion  base  material  and  as  such  would  certainly  not  be  a weak 
point  in  a structure  or  component  manufactured  from  (VDl-VAR)  Inconel 
X750. Obviously,  the  same  cannot  be  said  of  post-weld  heat 
treated  (STDA)  Inconel  706  and  718  gas  tungsten  arc  welds  or  the  associated 
Inconel  718  heat  affected  zone  material. 

Figure  6-12  presents  the  J resistance  curves  for  solution 
treated  and  aged  Inco  DEA.  Although  the  fracture  toughness  of  this 
low  expansion  alloy  is  well  below  that  of  Inconel  706  (VIM-EFR)  and 
(VIM-VAR),  its  fracture  toughness  transcends  that  of  Inconel  718 
(VIM-VAR),  especially  at  room  temperature.  Unlike  Inconel  706  and 
718,  the  room  temperature  fracture  toughness  of  Inco  LEA  is  14  percent 
greater  than  the  -452“?  (4  K)  value.  The  drop  in  fracture  toughness 
with  decreasing  temperature  experienced  by  this  low  expansion  alloy 
may  be  a direct  result  of  its  high  iron  content.  Recall,  of  the  various 
austenitic  materials  we  investigated,  Inco  LEA  demons tra'.ed  the  largest 
increase  in  yield  strength  with  decreasing  temperature.  In  other  words, 
both  the  tensile  and  fracture  behavior  of  this  material  approaches  that 
of  a ferritic  material  although, based  on  the  degree  of  fracture  toughness 
degradation  with  decreasing  temperature,  if  Inco  LEA  experiences  a ductile 
to  brittle  fracture  transition,  it  occurs  below  -452®F  (4  K) . 

J resistance  curves  for  both  solution  treated  and  quenched  plus 
cold  worked  (T-L  and  L-T  ASTM  E399-74  orientations)  Kromarc  58  stainless 
steel  are  illustrated  in  Figure  6-13  while  Table  6-5  summarizes  the 
fracture  properties.  The  influence  of  cold  working  on  the  strength 
and  fracture  properties  of  Kromarc  58  stainless  steel  is  revealed  in 
Table  6-5  and  has  been  previously  covered  in  detail  for  the  T-L 
orientation  (loading  perpendicular  to  the  rolling  direction) . ^ ^ 

Our  main  purpose  here  is  to  note  that  at  this  level  of  cold  work  (30 
percent)  the  Kromarc  58  does  not  produce  an  especially  weak  fracture 
plane.  The  -452®F  (4  K)  fracture  toughness  for  the  T-L  and  L-T 
orientations  varies  by  only  8.7  ksl/In7  (9.6  MPa^) . The  corresponding 
difference  in  yield  strength  equals  just  2.4  ksi  (16.5  MPa). 
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Figure  6-14  illustrates  the  J resistance  curves  for  solution 
treated,  quenched  and  aged  A286  stainless  steel.  The  fracture  toughness 
of  A286  is  surpassed  solely  by  that  of  solution  treated  and  double 
aged  Inconel  X750  (AAII-VAR)  plus  solution  treated  and  quenched  Kromarc  58 


and  AISI  310  S stainless  steels  while  its  plane  strain  crack  size 
Ki  2 

factors,  ( — 5 are  exceeded  only  by  those  relative  to  the  same  three 


^ys 


(1) 


materials  and  in  addition  to  sensitized  AISI  310  S stainless  steel. 

Also,  like  Inconel  706  and  718,  the  fracture  toughness  of  A286  is  less 
at  room  temperature  than  at  liquid  helium  temperature.  This  trend 
toward  decreasing  fracture  toughness  with  increasing  temperature  for  A286 
stainless  steel  was  further  exemplified  by  additional  J tests  at  400®F 


(477  K)  and  800“F  (700  K) 


(14) 


(6) 


Reed,  et  al.  obtained  fracture  toughness  values  ranging 
from  107  ksl/l'n.  (118  llPa/m)  to  119  ksi/in.  (126  MPa/ii)  over  the 
temperature  range  -452®F  (4  K)  to  75®F  (297  K)  on  an  A286  stainless 
steel  of  almost  identical  chemical  composition  and  heat  treatment. 
Although  Reed's  fracture  torghness  and  yield  strength  values  were 
significantly  below  ours  regardless  of  temperature,  as  previously 
mentioned  Reed's  specimens  were  machined  in  the  T-S  orientation  with 
respect  to  the  forging  axis  (per  ASTM  E399-74)  while  our  specimens  were 
oriented  in  the  L-T  direction.  Thase  two  distinct  specimen  orientations 
could  easily  account  for  the  large  variation  in  mechanical  and  fracture 
toughness  properties. 


The  fracture  toughness  properties  of  copper  brazed  Inconel 
X750  (VIM-VAR)  in  the  as  brazed  condition  are  also  summarized  in 
Table  6-4.  Note  that  valid  plane  strain  linear  elastic  fracture 
toughness  results  (per  ASTM  E399-74)  were  obtained  on  these  copper 
brazements  at  all  three  test  temperatures.  In  addition,  the  brazement 
fracture  toughness  decreased  moderately  with  increasing  temperature. 
Surprisingly,  at  -^52®F  (4  K) , the  fracture  toughness  of  copper  brazed 
Inconel  X750  (VIM-VAR)  is  only  6.6  ksi/iii.  (7.3  MPa*^)  below  that  of  GTA 
welded  Inconel  718  (VIM-VAR). 


455< 


45 


V ? 


I 


] 


i 


Four  elastic  plastic  (J)  fracture  tests  were  performed  at 
-452®F  (A  K)  on  silver  brazed  OFHC  copper.  As  was  the  case  with 
OFHC  copper  base  metal  and  gas  metal  arc  weld  tests,  the  0.5  In. 

(1.27  cm)  thick  silver  brazed  copper  compact  tension  specimens  supported 
tremendous  amounts  of  plasticity  without  experiencing  crack  extension, 
thus  valid  elastic  plastic  J tests  proved  Impossible.  It  Is  Interesting 
to  note,  however,  that  each  of  the  silver  brazed  copper  specimens 
sustained  between  430  lb  (195  kg)  and  480  lb  (218  kg)  of  elastic  loading 
before  becoming  plastic.  Based  on  an  elastic  load  of  430  lb  (195  kg), 
these  brazements  could  support  a maximum  elastic  stress  Intensity  equal 
to  9.8  ksl/ln.  (10.8  MPai/in) . 

Finally,  a few  remarks  are  In  order  concerning  PD135,  a high 

strength,  high  conductivity  copper  base  alloy  whose  mechanical  properties 

are  described  In  detail  ...n  Reference  1.  All  -452“F  (4  K)  elastic  plastic 

fracture  toughness  tests  on  this  copper  alloy  have  been  completed. 

Unlike  OFHC  copper.  It  was  possible  to  obtain  stable,  measurable  crack 

extension  on  PD135.  Without  the  elastic  properties  of  this  material 

(specifically  the  modulus  of  elasticity  and  Poisson's  ratio  at  both 

room  and  liquid  helium  temperatures),  however.  Interpreting  the  J 

versus  Aa  data  and  calculating  corresponding  Kj  values  Is  Impossible. 

u 

Fortunately,  the  elastic  properties  of  PD135  will  soon  be  available 
through  NBS. 

6.4  Crack  Growth  Rate  Results 

The  test  procedures  utilized  In  the  development  of  our 

cryogenic  fatigue  crack  growth  rate  data  were  spelled  out  In  detail  In 

(5) 

a previous  technical  report  and  as  such  will  not  be  repeated  here. 

dd 

It  Is  sufficient  to  state  that  all  the  raw  log  versus  log  AK  data 
we  developed  on  each  of  the  materials  Invistlgated  demonstrated  the 
nearly  linear  relationship  typical  of  most  fatigue  crack  growth  rate 
data.  Since  this  linear  relationship  existed,  the  crack  growth  rate 
data  was  expressed  In  terms  of  the  generalized  fatigue  crack  growth  rate 
law  developed  by  Paris. This  crack  growth  rate  law  Is  expressed 
as : 
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^ crack  growth,  Co  Is  an  Intercept  constant 


determined  from  the  log  ^ versus  log  AK  plot,  n in  the  slope  of  the 
log-log  plot  and  AK  is  the  stress  intensity  factor  range. 


The  room  temperature  and  cryogenic  fatigue  crack  growth  rate 
properties  of  Kromarc  58  (both  the  T-L  and  L-T  orientations)  are 
presented  in  Figure  6-15.  The  cryogenic  fatigue  crack  growth  rate 
properties  for  the  T-L  orientation  were  previously  presented  in  Reference  1. 
Recall,  these  cryogenic  Kromarc  58  fatigue  crack  growth  rate  properties 
were  independent  of  whether  the  Kromarc  58  was  solution  treated  and 
quenched  or  cold  worked.  As  it  turns  out,  both  the  room  temperature 
and  cryogenic  fatigue  crack  growth  rate  properties  of  cold  worked 
Kromarc  58  are  also  independent  of  test  specimen  orientation.  Therefore, 
Kromarc  58  stainless  steel  can  be  cold  worked  without  crej>tlng  specially 
oriented  planes  with  exceptionally  low  resistance  to  catastrophic 
fracture  or  fatigue  crack  propagation.  In  fact,  although  all  cyrogenic 


Kromarc  58  fatigue  crack  growth  rate  properties  are  described  bv  a 
. - da 

single  versus  AK  relationship,  at  room  temperature  the  growth  rate  of 


fatigue  cracks  in  solution  treated  and  quenched  Kromarc  58  exceeds  that 
in  cold  worked  Kromarc  58.  Furthermore,  note  the  growth  rate  of  fatigue 
cracks  in  Kromarc  58  at  room  temperature  is  tjubstantially  greater  than 
at  cryogenic  temperatures  independent  of  test  specimen  orientation  or 
whether  the  Kromarc  58  was  solution  treated  ^nd  quenched  or  cold  worked. 


This  same  fatigue  crack  growth  behavior  was  previously  observed  on  Inconel 


(1  2) 

X750  by  Westinghouse  * and  on  AISI  310  and  A286  stainless  steels  as 


well  as  Inconel  X/50  by  Tobler^^^^  and  Reed.^^^ 


This  behavior  is  further  substantiated  by  the  data  of  Figure  6-16, 
which  reveals  that  the  growth  rate  of  fatigue  cracks  in  solution  treated, 
quenched  and  aged  A286  stainless  steel  Is  directly  proportional  to 
temperature;  that  is,  the  higher  the  temperature  the  greater  thj  fatigue 
crack  propagation  rate.  Therefore,  a general  trend  for  stable  austenitic 
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materials  has  been  demonstrated  whereby  the  growth  rate  of  fatigue  cracks 
at  room  temperature  id  at  least  equal  to  or  in  most  cases  substantially 
greater  that  at  cryogenic  temperatures. 

Comparatively  speaking,  the  cryogenic  fatigue  crack  growth 
rate  properties  of  A286  stainless  steel  fall  midway  between  those  of 
Kromarc  58  and  Inconel  X750  (AAM-VAR)  (see  Figure  6-16,  Reference  1) 
and  therefore  are  quite  good.  Above  a stress  intensity  factor  range  of 
approximately  4C  ksi/I^T  (44.3  MPa*^)  our  A286  fatigue  crack  growth 
properties  are  mildly  conservative  when  compared  with  chose  developed  by 
Reed  on  a very  similar  A286  stainless  steel. Again,  the  moderate 
difference  in  fatigue  crack  growth  rates  may  be  attributed  to  test 
specimen  orientation. 
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7.  MICRO STRUCTURAL  ANALYSIS 


The  purpose  of  this  phase  of  the  work  is  two-fold:  (a)  examine 
the  microstructures  of  tested  specimei;a  to  determine  the  cause  and  mode 
of  failure,  (b)  correlate  the  microstructural  features  with  mechanical 
test  data  to  establish  failure  mechanisms  and  effects  of  processing 
variables.  With  this  knowledge  at  hand,  one  is  able  to  identify 
critical  areas  in  processing,  material  use,  and  performance  realization. 
During  this  reporting  period,  solution  treatment  of  X-750  discussed  in 

..A..  ....  I'M..  4 ..  A.)  ...  ....A  ........4  TC.  A.. 


previous  reports  was  investigated.  Also  examined  were  specimens 
of  PD135  Cu  and  Inconel  LEA  (lofw  expansion  alloy).  A detailed 
microstructural  investigation  of  base  metal  and  welds  Tf  Inconel  718 
and  706  are  presented.  Alloy  718  is  discussed  with  reierence  to  two 
sources;  namely.  Inconel  718  (International  Nickel)  and  Udimet-718 
(Special  Metals).  Results  are  presented  in  terms  of  li^t  microscopy, 
scanning  electron  microscopy  with  energy  dispersive  X-ray  data, 
transmission  electron  microscopy,  and  Auger  spectroscopy. 


7.1  Alloy  X-750 


(1  2) 

In  previous  reports  ’ the  effects  of  thermcmechanical 


treatments  on  the  resulting  microstructures  and  their  correlations 
with  mechanical  properties  were  discussed  in  detail.  It  was  shown 
t'.iat  the  lower  strength  and  ductility,  coupled  with  low  fracture 
toughness  of  the  MP-1  material  was  related  to  continuous  films  of 
carb'des  in  the  grain  bomdarles.  The  marked  improvements  in  M?-2  and 
MP-3  materials  was  shown  to  result  from  elimination  of  the  carbide 
films,  and  the  residual  dislocation-y ' networks  within  the  grain.  This 
was  related  to  thermal-mechanical  treatments  imparted  during  processing. 


In  this  section  we  show  briefly  that  improvements  in  MP-1 
material  cannot,  apparently,  be  obtained  by  thermal  treatment  only. 
That  is,  solutioning  of  the  alloy  at  higher  temperatures  than  those 
employed  during  the  standard  solutioning  and  aging  process  do  not 
eliminate  grain  boundary  carbides.  Figure  1 (light  mic  roscopy)  and 


I ti 


BBsssme* 


483< 


53 


V 


Fig.  2 (SEM)  demonstrate  heavy  carbides  near  and  at  grain  boindarles. 

These  carbides  are  mainly  of  the  MC  type  ((Nb,  Ti)C)  v;hlch  do  not  enter 
solution  at  temperatures  below  2350°F. 

7.2  PD135  Copper  Alloy 

This  is  a precipitation  hardenable  alloy  where  strengthening 
is  Imparted  by  precipitation  of  Cr  and  Cd.  Specimens  were  pr^ared 
from  the  original  extruiied  billets after  precipitation  treatment 
at  1100°F  for  1 hour.  Longitudinal  and  cross  sections  of  tensile 
specimens  tested  at  77  K and  42  K,  and  two  examples  from  a notched 
tensile  specimen  are  shown  in  the  light  micrographs.  Figs.  7.3  to  7.5, 
respectively.  All  three  figures  indicate  a substantial  ductility  prior 
to  failure  with  isolated  cavitation  due  to  localized  instabilities. 

Dimpled  fracture  surface,  typical  of  cross-granular  ductile  mode  of 
failure  is  shown  by  the  scanning  micrographs  in  Fig.  6.  The  scanning 
electron  micrographs  in  Fig.  7 show  a similar  dimpled  structure  developed 
during  fracture  of  notch- tens lie  specimens.  A Cr-Cd  rich  particle  is 
usually  present  at  the  bottom  of  the  dimple.  Occasionally  observed 
inclusions,  rich  in  S,  Cl,  K and  Fe  are  shown  in  Fig.  7c. 

7.2.1  Summary 

1)  Precipitation  hardenable  PD135  Cu  deforms  in  a ductile 
manner  shcK^lng  a typical  dimpled  structure. 

2)  Occasional  inclusions  containing  S,  Cl,  K and  Fe  are  found 

on  the  fracture  surface.  There  is  no  direct  evidence  that  these  inclusions 
cause  degradation  of  strength  in  the  tensile  mode. 


5 j!' 


7.3  Alloy  718,  Base  Metal  Characteristics 

Microstructures  of  718  alloys  in  the  as-received  conditions, 
and  after  various  heat  treatment,  received  from  two  sources  are  compared: 

(a)  Udlmet-718,  produced  by  Special  Metals  and  (b)  Inconel  718  produced 

by  the  International  Nickel  (Huntington  Alloy  Product  Dlv.).  1-718 

was  obtained  in  the  form  of  11-3/8"  dia.  billets,  U-718  was  a 10-1/4"  billet, 
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7.3.1  Udimet-718 
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o 
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Figures  8 and  9 show  grain  morphologies  from  top  and  bottom 
ends  of  the  billet  and  the  inner  and  outer  portions  of  each  end. 
Generally  speaking,  the  outer  diameter  portion  of  the  billet  exhibits 
a higher  degree  of  deformation  as  evidenced  by  the  wavy  structure  and 
higher  density  of  slip  lines  within  the  grain.  (Compare  Figs.  8,  ab  to 
cd,  Fig.  9ab  to  cd) . Typical  scanning  electron  micrographs  obtained 
from  various  sections  of  the  billet  are  shown  in  Fig.  10.  One  should 
notice  that  in  these  micrographs  the  grain  boundaries  appear  to  be 
void  of  heavy  precipitation.  Occasional  precipitation  of  (Nb,  Ti)C 
carbides  are  seen  in  Fig.  10b. 

The  effects  of  heat  treatment  on  the  type  and  morphology  of 
precipitates  are  shown  in  the  transmission  electron  micrographs, 

Figs.  11-13.  Ni3Cb(Y")  cellular  precipitation  develops  after  solution 
anneal  at  1800°F  (1255  K)  and  standard  double/aging  treatment.  The 
platelets  of  y"  are  shown  in  Fig.  11a,  and  the  identification  by  dark 
field  is  Illustrated  in  Figs.  11b  and  11c. 

A few  more  examples  of  cellular  precipitation  of  y"  at  the 

grain  boimdarles  are  shown  in  Figs.  12a  and  12b.  Heavy  particle- 

dislocation  networks  within  the  grain  are  Illustrated  in  Fig.  12c. 

The  diffraction  pattern  in  12d  shews  that  the  tine  precipitation 

(3  4) 

Includes  both  y'  (Ni3Al)  and  y”  (Ni^Nb).  * Also  note  that  the  grain 
boundaries  do  not  show  any  heavy  precipitation. 

The  absence  of  carbide  film  or  other  heavy  grain  boundary 
precipitates  in  U-718  is  again  shown  in  Fig.  13,  which  depicts  typical 
structural  features  following  solution-anneal  at  1900°F  (1311  K)  and 
standard  double  aging.  Figures  13a  and  13b  shows  particle-(Y'  + y") 
dislocation  networks  within  the  grain  and  relatively,  precipitation-free 
grain  boundaries.  The  diffraction  pattern  in  13c  shows  streaking^^^  — 
typical  of  preferred-oriented  precipitates.  The  dark  field  micrograph 
in  12d  is  from  the  (001)  reflection  of  Y*  (arrow  in  12c). 
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7.3.2  Inconel  718 

The  general  morphology  of  IN-718  in  the  as-received  condition 
(11-3/8  inch  diameter,  hot  finished  billet^  is  illustrated  in 
Fig.  14.  Note  two  families  of  precipitates,  i.e.,  small  particles 
dispersed  within  the  grain  boindaries  network  and  coarser  particles 
dispersed  in  a secondary  network,  not  related  directly  to  grain 
boundaries.  The  energy  dispersive  X-ray  data,  shown  in  Fig.  15 
identift^  the  large  particles  as  (Nb , Ti)C  carbides.  The  small, 
grain  boundary  precipitation  is  somewhat  more  complex  and  contains  Si 
and  Mo  as  well. 

The  series  of  micrographs  in  Figs.  16  through  2.2  demonstrate 

the  effect  of  solutioning  temperature  and  aging  treatment  on  the 

development  of  precipitation  in  the  alloy.  The  SEM  micrographs.  Fig.  16, 

show  that  most  of  the  grain  boundary  precipitation  is  resolutioned 

after  2 hours  at  2100®F  (1422  K) . Only  the  large  MC  carbides  are  still 

present.  However,  a more  detailed  examination  by  transmission  electron 

microscopy,  shows  that  thin  films  of  carbides  are  still  present  in 

the  grain  boundaries  (Fig.  17).  The  dark  field  micrograph.  Fig.  17b, 

was  taken  from  the  spot  at  d » 1.72  X,  which  can  be  assigned  unambiguously 

to  M^C  type  carbide.  Solutioning  at  1950'^F  (1339  K)  also  dissolves  most 

of  the  grain  boundary  carbides,  as  shown  in  Fig.  18.  However,  within 

the  grain  (Fig.  19)  precipitation  of  Ni3Al,  Ti  (y')  and  NijNb  (y")  is 

( 6 ) 

detected.  These  precipitates  are  expected  to  go  into  solution  at 
1950°F,  and  thus  could  have  precipitated  during  cooling.^  Solutioning 
at  1800°F  (1255  K)  does  not  dissolve  any  of  the  particles  which  are 
distributed  in  a network  of  "ghost"  boundaries.  Fig.  2a.  The  standard 
1800°F  solution  anneal  and  double-aging  results  in  additional  fine 
precipitation  of  y'  + y"  within  the  grain,  and  y",  fine  MC,  and  coarse 
M5C  carbides  within  the  grain  boundaries  (Figs.  21). 

Fracture  characteristics  of  tensile  specimens,  IN-718  STDA 
are  shown  in  Figs.  22  through  26.  The  light  micrographs  in  Fig.  22 
indicate  an  intergranular  fracture  at  room  temperatures  as  well  as  at 
4.2  K when  tested  in  tension.  Note  the  bimodal  grain  size  in  the 
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cross  sections.  Most  of  the  grains  are  In  the  range  of  50  pm.  The 
large  grains  are  of  the  order  of  150  pn.  Notch- tensile  speclnens, 

Fig.  23,  exhibit  a mixture  of  Intergranular  fracture  and  cross  granular 
cleavage  (arrows).  Both  figures  indicate  small  amount  of  deformation 
due  to  the  lack  of  slip  lines.  This  is  in  agreement  with  the  test 
data  (Table  6 ).  Figures  2A  and  25  show  the  morphology  of  the 

fracture  surfaces  of  tensile  specimens  where  intergranular  fracture 
mode  is  clearly  Indicated.  Note  long  chains  of  cleaved  carbid'^s  in 
Fig.  25c  and  the  dimpled  structure  within  the  grain  that  shows  at  high 
magnification.  Figs.  2A  and  25d.  Small  particles  are  clearly  visible 
at  the  center  of  each  dimple.  These  micrographs  indicate  small  amounts 
of  ductile  deformation  within  the  grain  and  failure  associated  with 
carbide  particles  of  a variety  of  sizes  and  shapes.  Figure  26  confirms 
the  observations  related  to  Fig.  23  in  that  in  the  notch-tensile  mode, 
the  fracture  proceeds  by  a mixture  of  intergranular  and  cleavage  modes. 
Cleaved  grains  are  marked  (c)  in  Fig.  26.  Again  note  the  many  small 
particles  at  the  bottom  of  each  dimple  on  the  grain  face  (Fig,  26d) . 


To  test  the  hypothesis  that  fracture  proceeds  along  grain 
boundary  carbide  chains,  the  material  was  examined  by  Auger  spectroscopy, 
where  fresh  fractured  surfaces  were  analyzed  at  5 x 10“^®  torr, 
excluding  any  external  contamination.  It  should  be  noted  that  the 
fracturing  device  in  the  Auger  spectrograph  subjects  a notched  specimen 
to  shear  fracture.  Since  the  notched- tensile  mode  introduces  some 
cleavage,  it  is  to  be  expected  that  only  part  of  the  surface  fractured 
in  the  Auger  spectrograph  will  reveal  a true  intergranular  failure. 


Auger  spectra  of  a freshly  fractured  surface  of  IN-71&-STDA 
(specimen  code  6AXX)  is  shown  in  Fig.  27.  By  comparing  peak  to  peak 
heights  of  each  of  the  elements  to  known  standards,  it  can  be  shown  that 
the  amount  of  Nb  and  Ti  in  Fig.  27  is  twice  of  that  in  the  bulk  alloy. 
Furthermore,  the  Nb  + Tl  can  account  for  the  total  amount  of  C shown, 
if  an  MC  combination  is  considered  (where  M is  Nb  + Ti).  Figure  28a 
shows  a carbon  scan  taken  of  the  area  covered  by  the  spectra  shown  in 
Fig.  27.  Note  the  large  patches  of  carbon,  which  extend  over  15-20  grain 
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lengths.  (Compare  to  the  SEM  micrograph  in  Fig.  28b,  which  was  taken 

from  a fractur^'.d  tensile  specimen).  The  largest  carbide  particles 

observed  were  nsver  more  than  a fraction  of  a grain  diameter  (see  for 

example.  Fig.  ’.4).  We,  therefore,  conclude  that  the  bright  patches 

in  Fig.  28a  indicate  a continuous  film  or  a chain  of  very  fine  carbides 

lying  or  grain  surfaces.  Figure  29  shews  another  area  on  the  same 

fractured  surface,  at  teice  the  magnification  as  Fig.  28.  Note  the 

direct  correspondence  among  the  C,  Nb  and  Ti  scans  and  the  reverse 

correspondence  with  the  Mo  and  Cr  scans.  This  confirms  again  a 

carbide  film  or  a dense  agglomeration  of  small  particles  of  the  MC 

(8) 

type  carbides.  Mo  and  Cr  do  not  paixiclpate  in  these  carbide...  Oxide 
formation  can  be  ruled  out  as  the  Auger  spectra.  Fig.  27,  do  not  show 
0 (which  should  show  at  505-510  ev)  . 

Finally,  it  is  interesting  to  note  that  we  could  not  fracture 
in  the  Auger  spectrograph  a specimen  prepared  from  Udimet-718  alloy 
in  the  STDA  condition.  The  specimen  simply  bent  un  repeated  impact. 

This  should  be  compared  with  IN-718  that  fractured  on  the  first  impact. 

7.3.3  Summary 

1)  The  microstructured  characteristics  of  Udimet-718  vs 
Inconel-718,  where  specimens  were  prepared  from  large  hot-worked  billets 
(over  10"  diameter) , indicate  a possible  significant  difference  in 
their  mechanical  behavior. 

2)  Relatively  low  ductility  in  IN-718  alloy  is  attributed 
to  thin  carbide  films  or  an  agglomeration  of  very  small  carbide 
particles  within  the  grain  boundaries. 

3)  In  U-718  the  dominant  phase  near  or  in  the  grain  boundary 

is  y"  (Ni3Nb).  ^ 

4)  The  matrix  in  718  alloys  is  strengthened  by  a confcination  | 

i 

of  y'  + y"  precipitates  which  form  networks  of  small  cells  with  ( 

dislocations  generated  during  hot  rolling.  These  networks  seem  to  be  i 

stable  through  the  standard  solutloning-aglng  treatments.  J 
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5)  Ghost  boundaries  foind  in  IN-718  are  due  to  MC  carbide  and 
6 chains  which  precipitated  in  grain  botndarles  at  the  early  stages  of 
working.  New  boundaries  formed  by  recrystallization  during  hot  working 
caused  the  residual  precipitates  to  appear  as  ghost  boindaries.  Most,  but 
not  all  of  these  precipitates  can  be  dissolved  during  solution  annealing 
above  2000°F  (probably  6 only) . 

6)  718  alloys  in  the  STDA  condition  fall  in  tension  by 
intergranular  cracking.  Small  amounts  of  deformation  occurs  withir  the 
grain,  near  the  grain  boundary,  but  is  limited  by  carbide  concentration. 

7 . A Inconel-718  Weldments 

Figure  30  is  a representative  light  micrograph  of  a failed 
weld  specimen.  All  tensile  specimens  but  one,  shown  in  Fig.  31,  failed 
by  fractures  within  the  fusion  zone.  Specimen  6513,  tested  at  A. 2 K 
failed  in  the  base  metal,  exhibiting  the  characteristic  Intergranular 
mode  cf  fracture  (Fig.  31).  The  corresponding  SEM  micrograph  of  the 
fracture  surfaces  are  shown  in  Figs.  32  and  33.  Note  again  the 
intergranular  character  of  the  fracture  within  the  base  metal  (Fxg.  33) 
and  the  large  number  of  carbides  that  cover  the  fracture  surface 
(Fig.  33c),  and  in  the  boundaries,  (arrows  in  Fig.  33b).  The  SEM 
micrographs  of  the  fracture  surface  of  the  fusion  zone  (Fig.  32)  reveal 
a morphology  which  may  be  interpreted  as  a dimpled  structure.  However, 
it  is  more  likely  that  the  cell  walls,  which  appear  brighter  in  the 
micrographs  (large  arrows.  Fig.  32c)  are  actually  a less  conducting 
film  which  covers  the  entire  fracture  surface  as  seen  in  Fig.  32a. 

The  cellular  film  appearance  is  more  pronounced  on  the  fracture  surface 
of  tensile-notched  specimens  where  the  notch  was  machined  in  the  center 
of  the  fusion  zone.  Fig.  3A  (arrows).  The  large  particles,  marked  A, 
were  identified  as  (Ti,  Nb)C  by  energy  dispersive  X-ray  analysis. 

Energy  dispersive  X-ray  scan  of  the  area  shown  in  Fig.  3Ac  reveals  twice 
as  much  Nb  <’Fig.  35)  as  compared  to  the  bulk  composition  (see  Fig.  15c). 
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Auger  spectra  of  a freshly  fractured  fusion  zone  is  shown  in 
Fig.  36  where  carbon  and  oxygen  anpear  strong.  Figure  37  reveals  the 
nature  of  the  cellular  structure  referred  to  above.  There  is  a direct 
correspondence  between  the  C and  0,  which  seem  to  cover  a laige  portion 
of  the  surface  scanned  and  appear  to  form  a cellular  structure,  very 
much  like  that  seen  in  Figs.  32  and  34. 

The  light  micrographs  in  Figs.  38  and  39  confirm  that 
fracture  of  HAZ-notch-tensile  specimens  (group  662X)  has  indeed  occurred 
within  the  heat-affected-zone.  As  in  the  case  of  the  base  metal,  the 
fracture  mode  is  entirely  Intergranular.  The  scanning  micrographs. 

Figs.  40  and  41  confirm  the  intergranular  mode  of  fracture.  However, 
the  occurrence  of  occasional  cleavfige  can  be  seen  in  Fig.  40d.  Also 
note  large,  fractured  carbides  in  Fig.  41d.  A comparison  of  Figs.  40 
and  41  with  Flgi,.  26  and  27,  which  shew  the  fractured  surface  of  the 
base  metal.  Indicate  a more  severe  breakdown  of  granular  interfaces. 

This  is  evidenced  by  the  deep  holes  (pulled  grains)  in  Figs.  40c  and 
41b  (marked  G)  and  the  long  deep  crack  in  Fig.  40d. 

7.4.1  Summary 

1)  GTA  welded  tensile  specimens  failed  in  the  fusion  zone 
(save  for  one  specimen  that  failed  in  the  base  metal).  The  tensile 
data  in  Table  6 shows  only  minute  decreases  in  the  yield  strength 
of  welded  specimens,  as  compared  to  base  metal.  This  indicates  no 
change  in  the  basic  strength  of  the  material  whiji  is  derived  from 
Y'  + y"  precipitation  hardening  and  Mo  solution  strengtheriing.  However, 
the  ultimate  iitrength  of  the  weld  is  lower  by  about  10%;  and  mere 
significantly,  elongation  is  reduced  by  80%  (1.8%  for  welded  specimens 
as  compared  to  10.1%  for  base  metal). 

It  is  significant  that  the  ductility  of  the  weld  is  very  low, 
but  also  of  significance  is  the  fact  that  the  base  metal  IN-718  exhibits 
limited  ductility  as  well. 

We  conclude  that  the  micros tructural  data  presented  in  Sections  7.3 
and  7.4  show  that  the  most  probable  source  of  the  low  ductility  are  the 
grain  boundary  carbides. 
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The  situation  Is  aggrevated  more  In  the  case  of  the  welded 
specimens  where  cellular  carbide  fllm'i  dominate  the  fracture  surface. 
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It  Is  conceivable  that  a thermo-mechanical  working  schedule 
of  the  welds  can  alleviate  the  problem  by  breaking  down  the  continuous 
carbide  chains . Lowering  the  carbon  content  of  the  alloy  may  also 
contribute  to  an  Increase  In  the  ductility. 

2)  The  heat  affected  zone  strength  lies  between  the  base 
metal  and  the  weld.  Since  all  specimens  were  resolutloned  and  aged 
after  welding,  and  for  lack  of  electron  transmission  microscopy  to 
examine  y'  and  y"  distribution,  we  assume  that  the  ductility  of  the 
b'»at  affected  zone  xs  Impared  due  to  additional  carbide  conglomeration 
during  welding.  These  carbides  will  not  dissolve  during  the  standard 
heat  treatment. 

3)  The  strength  of  the  weld  and  the  heat  affected  zone  may 
be  Improved  by  a mechanical  working  schedule.  However,  since  this  may 
not  be  feasible  in  practical  applications,  higher  solutioning  temperature 
may  be  explored  as  a partial  cure.  One  has  to  be  aware  that  higher 
solutioning  may  result  in  adverse  grain  growth. 

7.5  Inconel  706  Alloys 
7.5.1  Base  Metal 

Two  Inconel  706  materials  were  examined,  i.e.,  vacuum  induction 
melted  + vacuum  arc  remelted  (VIM-VAR)  and  VIM  + electroflux  remelt  - 
VIM-EFR.  As  the  discussion  proceeds,  it  will  be  shown  that  there  are 
no  significant  differences  in  the  mlcrostr jctural  characteristics  of 
the  two  materials.  This  is  also  bom  by  the  mechanical  test  data 
(Table  6 ) which  show  virtually  identical  results. 

The  effect  of  heat  treatment  on  grain  morphology  is  shown 
in  Fig.  A2.  A 21C0OF  (1422  K)  solution- anneal  results  in  a relatively 
uniform,  very  large  grain  size  of  the  order  2 ram.  Solution  anneal  at 
1800OF  followed  by  standard  double  age  results  in  a recrystallized 
structure,  with  grain  size  of  the  order  of  60  pm  for  the  VIM-EFR 
material,  and  somewhat  larger  grain  size,  of  the  order  of  100  pm  for 
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the  VIM-VAR  material.  The  scanning  electron  micrographs  in  Fig.  43 
shew  a relatively  "clean"  microstructure  with  only  occasional  MC 
((Nb,  Ti)C)  carbides. 

Typical  transmission  electron  microscopy  data  are  summarized 
in  Figs.  44  through  46.  A few  dislocation  pile-ups.  Figs.  44a  and  c, 
very  clean  grain  boundaries,  Figs.  44b,  and  a diffraction  pattern  showing 
only  the  f.c.c.  structure,  is  typical  of  IN- 706  material  solutloned 
at  2100°F  (1244  K) . This  is  true  for  both  VIM-EFR  (Fig.  44)  and  VIM-VAR 
materials  (Fig.  45).  The  standard  heat  treatment,  which  employs  a 
lower  (1800°F)  solutioning  temperature  does  not  result  in  a complete 
annealing  of  dislocations,  introduced  during  hot  working.  The  micrographs 
in  Fig.  46,  which  are  typical  of  both  VIM-VAR  and  VIM-EFP  materials 
show  dense  networks  of  dislocations  and  y'  (Nl3»  Al,  Tl)  + y"  (Ni3Nb) 

(y"  is  also  referred  to  as  BCT-Ni3Nb)  and  virtually  precipitation  free 
grain  boundaries.  Occasional  discrete  carbide  particles  have  been 
seen  in  the  boundaries  (Fig.  46b). 

The  fracture  characteristics  of  tensile  specimens  are 
illustrated  in  Figs.  47  through  51.  Although  final  failure  occurred  by 
intergranular  fracture,  the  cross  sections  of  Fig.  47  show  that  a 
substantial  amount  of  deformation  has  taken  place  prior  to  failure. 

The  data  in  Table  6 indicate  about  30%  uniform  elongation.  The 

scanning  electron  micrographs  in  Fig.  48  show  a dimpled  structure 

(Fig.  48b,  c)  with  cracking  along  grain  boundaries  containing  concentrations 

of  carbides  (Fig.  48a,  d) . The  same  general  features  are  depicted  by 

the  scanning  electron  micrographs  of  Fig.  49  which  were  taken  on  the 

fracture  surface  of  notch-tensile  specimens  tested  at  4.2  K.  Figure  50 

shows  Auger  scans  of  a fracture  surface  of  IN-706,  STDA  (Specimen  71XX) . 

Note  that  carbon  covers  a large  portion  of  the  surface.  Some  of  the 
particles  appear  richer  in  Nb,  other  particles  are  richer  in  Tl . Neither 
of  the  Nb  or  Ti  rich  areas  contain  Cr,  which  is  otherwise  distributed 
over  the  entire  surface. 
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Typical  longitudinal  sections  of  a welded  IN-706  tensile 
specimens  are  shown  in  Fig.  51.  All  tensile  specimens  broke  in  the 
fusion  zone  (Fig.  51a)  and  in  most  specimens,  both  tensile  and  notch- 
tensile,  cracks  and  voids  such  as  shown  in  Fig.  51b  were  present  in  the 
fusion  zone.  The  voids  and  cracks  in  the  fusion  zone  are  demonstrated 
further  in  the  SEM  micrographs  of  Fig.  52  (arrows)  which  were  taken 
from  a tensile  not.‘‘i  specimen  (7211)  tested  at  room  temperature. 

Fracture  mode  of  (he  fusion  zone  is  illustrated  in  the  SEM 
micrographs  of  Fig.  53.  A small  amount  of  ductility  is  associated  with 
fracture  surface  as  evidenced  by  the  shallow  dimples.  One  can  also 
observe  many  particles  and  brlgjit  films  associated  with  the  crests  of 
the  dimples,  Fig.  53c.  The  fracture  proceeds  by  shear-cleavage  steps 
seen  in  Fig.  53a,  and  at  higher  magnifications.  Point  B,  Fig.  53c. 

Energy  dispersive  X-ray  analyses  of  the  inclusion  in  Fig.  53b  and  various 
points  in  Fig.  53c  are  shown  in  Fig.  5A.  The  inclusion,  only  occasionally 
observed,  is  probably  a low  melting  aluminum  silicate.  The  particles, 
like  A and  C,  Fig.  53c  contain  Nb , Ti  and  are  either  carbides  or 
6 phase.  It  is  interesting  to  note  that  the  shear  surface,  spot  B 
shows  lower  Fe/Ni  ratios  and  higher  Cr/Ni  ratios  that  expected  from 
the  bulk  composition  (Table  3 ).  The  bulk  composition  calls  for 

about  equal  amounts  of  Fe  and  Ni  and  a ratio  of  Cr/Ni  of  about  1/3. 
Similar  results  were  obtained  by  Auger  analysis  of  a fusion  zone  fracture. 
Fig.  55.  The  surface  composition  calculated  from  the  vali^s  of  peak- 
to-peak  heights  of  each  element  with  reference  to  standard  yield,  in 
atomic  percent;  Nb-5.7,  C-8.7,  Tl-3.2,  Cr-23.1,  Fe-20.8  and  Nl-38.5. 

It  is  interesting  to  note  that  the  total  Nb  + Ti  can  be  associated  with 
C by  (Nb , Ti)C.  This  will  indicate  MC  carbides  as  the  dominant  feature 
on  the  fracture  surface. 

7.5.3  Summary 

1)  Alloy  706  base  metal  has  adequate  ductility  and  toughness 
due  to  the  lack  of  grain  boundary  carbide  films. 
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2)  Carbide  films  form  In  the  weld  fusion  zone  thus  drastically 
reducing  the  ductility  and  toughness  of  the  weld. 

3)  Welded  tensile  specimens  failed  In  the  fusion  zone.  Cracks 
and  cavities  were  also  found  frequently  In  the  fusion  zone. 

7.6  Inconel-LEA 

During  the  period  of  this  report,  the  Investigation  of  the  LEA 
material  was  confined  to  the  examination  of  failed  tensile,  and 
notch-tensile  specimens.  TWo  typical  longitudinal  sections  are  shown 
In  Fig.  56.  The  mode  of  failure  Is  a mixture  of  Intergranular  and 
cross-granular  fracture.  Partial  cracking  along  grain  boundaries 
can  be  observed  below  the  fracture  surface.  The  horizontal  lines  In 
Fig.  56b  are  due  to  bend  contours  left  over  from  the  rolling  operation 
(Section  3 ).  The  light  micrographs  do  not  reveal  particular 

preciplt. u 1 or  foreign  inclusions.  Lew  magnification  SEM  micrographs. 
Figs.  57a  anu  57b  confirm  the  combined  mode  of  Intergranular  and  cross- 
granular  deformation  mode.  The  grain  surfaces  are  covered  with  dimples. 
Indicating  some  ductility  prior  to  failure.  Higher  magnification  SEM 
micrographs.  Fig.  57c  and  d show,  however,  that  ductile  deformation 
(elongation)  was  probably  limited  (shallow  dimples).  Furthermore, 
there  Is  a high  concentration  of  cleaved,  plate-like  particles  in 
every  dimple.  These  platelets,  marked  L have  been  analyzed  by 
dispersive  X-ray  and  are  probably  (Nb,  Ti)C,  MC  type  carbides.  This  is 
shown  In  Fig.  58a.  The  matrix,  such  as  points  2 In  Fig.  57, are  analyzed 
in  Fig.  58b  and  show  the  bulk  composition  of  the  alloy,  i.e.,  Fe-Nl  matrix 
with  small  amounts  of  Al,  Nb  and  Tl. 

The  low  ductility  nature  of  the  LEA  material.  Table  6 
can  thus  be  related  directly  to  a high  concentration  of  plate-like  MC 
type  carbides  that  confine  the  deformation  within  the  interlacing  matrix 
and  fall  by  brittle  cleavage. 
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7. 1 Discussion  - Alloys  718,  706,  LEA 

Alloys  718,  706  and  LEA  belong  to  the  Class  II  nlckel-lron 

Nb  containing  superalloys . These  materials  derive  their  primary 

strengthening  from  a combination  of  y*  (f.c.c.  (Nl^Al,  Tl))  and  y* 

(BCT  Nl3Nb)  precipitation  within  the  grain.  In  the  case  of  alloy  718, 

additional  strengthening  Is  provided  by  solution  hardening  through  the 

addition  of  Mo.  Coherent  y'  and  y”  precipitates  have  been  Identified  In 

solution  and  aged  INCO-718  and  706,  see  Figs.  19,  46.  A significant 

feature  shown  In  these  micrographs  are  the  particle-dislocation  networks 

chat  account  for  a stable  precipitation  and  high  strength.  We  have 

(2) 

previously  shown  that  such  dlslocatlon-y ' networks  account  for  the 
Increase  strength  In  alloy  X-750. 

f 7 8) 

Other  common  phases  In  this  class  of  alloys'"  * * are  n(hcp  NI3TI) 
and  6 (orthoromblc  Nl^Nb).  These  phases  usually  appear  after  prolonged 
exposure  to  temperature  and  result  from  transformation,  respectively, 
of  y'  and  y".  The  extensive  data  shewn  above  do  not  Indicate  massive 
n or  6 phases.  However,  a more  rigorous  X-ray  diffraction  analysis  of 
non-soluble  residues  Is  planned  to  define  all  phases  present.  It  Is 
conceivable  that  the  Interlaclng-chaln  structure  observed  In  as-received 
INCO-718  (Fig.  14)  may  contain  6 particles,  v;hlch  are  known  to  form  during 
processing. The  solvus  temperature  for  6 In  alloy  718  Is  slightly 
above  1800°F.^^^  It  Is  thus  possible  that  the  decrease  In  the  volume 
of  particles  following  the  solution  treatments  above  1950°F  (Figs.  16,  17) 
and  the  stability  of  the  "ghost"  structure  after  the  standard  heat 
treatment  (SA  at  1800°F)  is  related  to  the  resolution  of  the  6 particles. 

The  most  prevalent  phase,  identified  in  all  our  specimens  are 
MC  carbides.  The  data  show  that  the  particles  precipitating  within  the 
grain  are  Nb  rich  (Nb,  Ti)C  carbides,  while  the  precipitation  within 
the  grain  boundary  may  include  SI  as  u substitution  for  Ti  (for  example, 
particle  B,  ^^ig.  14).  The  adverse  effect  of  the  MC  carbides  Is  aggrevated  by 
the  fact  that  their  solvus  temperature,  is  near  the  melting  point  of  the 
alloys.  Thus,  one  cannot  remove  these  carbides  by  heat  treatment  alone. 

This  requires  a carefully  planned  sequence  of  thermal  mechanical  working. 
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which  will  result  In  breaking  up  the  carbides,  particularly  the  continuous 

i chains  and  films  in  the  grain  boundaries. 

The  adverse  effect  of  the  grain  boundary  carbiies  is  demonstrated 
\ by  the  mechanical  test  results  of  alloy  IN-718  and  the  fusion  zone 

t weld  specimens  of  all  three  alloys.  The  existence  of  these  chains  and 

I films  is  clearly  demonstrated  by  tht  many  micrographs  shewn  above. 

[ There  are  not  too  many  variations  in  the  yield  strength 

1 among  the  three  alloys.  Generally,  the  STDA  IN-718  shows  yield  strength 

^ of  about  10%  higher  than  the  corresponding  heat  treated  706  and 

^ LEA.  Our  conclusion  is,  thcrefoi"e,  that  the  intrinsic  strength  is 

j derived  from  y'  + y"  precipitation  hardening,  with  a small  increment 

f in  strength  added  to  IN-718  by  solution  hardening  through  Mo  additions. 

I Tne  temperature  dependence  of  strength  reflects,  also,  the  effect  of 

1 y'.  Generally,  the  f.c.c.  matrix  does  not  display  a strong  temperature 

component.  In  all  three  alloys  there  is  about  20,000  psi  increase  in  yield 
> strength  from  RT  to  A.2  K which  we  attribute  to  the  increased  resistance 

(9) 

i of  y '-dislocation  network  to  dislocation  cutting. 

I The  differences  among  the  three  alloys  are  manifested  in  their 

I 

; ultimate  strength,  ductility  and  fracture  toughness,  which  are  all  related 

properties.  The  low  ductility  and  fracture  toughness  in  IN-718  and  the 
1 essential  lack  of  elongation  in  the  LEA  material  is  attributed  to 

j grain  boundary  carbide  chains  and  films.  Conversely,  the  high  ductility 

of  the  706  alloy  is  attributed  to  the  lack  of  eaxhides  in  the  grain 
/ boundaries  (see  for  example.  Figs.  4A-46) . The  effect  of  carbides  is 

manifested  clearly  in  the  properties  of  the  weld  specimens.  In  both 
/ the  IN-718  and  IN-706  weldments,  failure  occurred  in  the  fusion  zone 

I ' accompanied  by  a drastic  reduction  in  ductility.  This  is  contiasted  by 

I the  fact  that  the  yield  strengths  of  all  welded  specimens  were  very 

close  to  the  strengths  of  the  corresponding  base  metals. 

{ Tlie  standard  heat  treatment  following  welding  resulted  in 

I precipitation  hardened  structures  similar  to  the  base  metal.  However, 
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uncontrolled  carbide  precipitation  that  occurred  during  cool  down  after 
welding  resulted  In  a structure  that  cannot  be  modified  by  heat  treatment 
alone,  and  is  detrimental  to  the  mechanical  strength  of  the  alloys. 

There  Is,  usually,  a direct  correlation  between  ductility 
(total  elongation)  and  fracture  toughness.  The  data  In  Table  6~ 
shcw  the  highest  Kig  for  706  alloy,  and  half  of  that  for  the  718  alloy. 
Also,  Kic  for  the  welds  deteriorates  sharply.  The  temperature  dependence 
of  Kiq  also  parallels  that  of  elongation,  where  both  parameters  show  an 
increasing  trend  with  lower  temperature.  This  effect  Is  related  to 
Increased  work  hardening  of  the  matrix  with  lower  temperature. 

The  Improvement  of  Kig  with  Increased  work  hardening  has 

been  discussed  by  Lalrd^^^^  and  has  been  shown  to  explain  the  Improved 

(2) 

properties  of  alloy  X-750.  The  Increase  In  elongation  Is  related 
to  work  hardening  by  delaying  the  setting  of  instability. 

The  sharp  decrease  in  Kiq  of  the  weld  Is  also  related  to  the 
microstructure.  Continuous  film  of  carbide  provide  an  easy  path  for 
crack  propagation,  which  also  accounts  for  the  relatively  low  Kjc  of 
base  metal  IN-718. 

Alloy  LEA  provides  an  interesting  aoparent  anomaly.  Whereas 
the  elongation  recorded  is  as  low  as  welded  IN-718  and  IN-706,  it  shows 
higher  friicture  toughness  than  the  welded  specimens  of  alloy  718  and  706. 
The  micrographs  in  Fig.  57  may  provide  the  clue.  Although  the 
fracture  surface  shows  many  cleaved  carbides,  there  is  indication  of 
deformctlon  in  the  matrix  surrounding  them.  The  matrix  is  the  continuous 
path  across  the  specimen  and  thus  Interrupts  the  motion  of  crack  through 
the  carbides  during  Kiq  testing.  Elongation,  however,  is  related  to  the 
total  gauge  length.  Thus,  though  local  deformation  may  be  high,  it  is 
confined  to  the  matrix  surrounding  the  carbides  and  thus  will  be  recorded 
as  a low  value  on  the  overall  gauge  length. 

In  conclusion:  we  have  shown  that  in  both  base  metal  and  welded 
specimens  adequate  strength  is  derived  from  the  aging  cycle  via  the 
precipitation  hardening  effect.  The  most  detrimental  phase  to  these  alloys 
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are  the  MC  carbides  which  precipitate  as  grain  boundary  films  in  IN-718 
and  in  all  welded  specimens.  A thermo-mechanical  schedule  may  improve 
materials  properties.  Conversely,  limiting  carbide  formation  by  chemistry 
modifications,  i.e.,  lowering  the  carbon  content  or  the  Nb  level,  or 
limiting  carbide  formation  by  controlled  cooling  during  welding  should 
be  explored  as  means  to  optimize  performance  of  these  alloys. 
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Fig.  1 -Light  micrographs  of  specimens  from  alloy  X-750,  MP-1  treated  at 
various  conditions  (a)  S.  A at  2100®F  (1422°K)  follc-ved  by  standard  aging, 
(b)  S.  A at  2100°F  (1422°K)  followed  by  aging  2 hrs.  at  1500°F  (843°C)  and 
2hrs.  at  1300°F.  (c)  S.Aat2100°F.  (1422°K)  2 hrs.  200X 
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Fig.  2-Scanning  electron  micrographs  showing  grain  boundary  carbides  in  X-750 
S.Afor  2 hrs.  at  2100®F  (1422®K)  (a)  1225X  (b)  650X  (c)  600X 
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Fig.  3-PD-135  Cu  tensils  sprcimen  1512  tested  at  77°K  (a)  longitudinal 
section  50X  (b)  same,  200x  (c)  cross  section 
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Fig.  4-PD-135  Cu  tensile  specimen  1513,  tested  at  4. 2°K  (a)  longitudinal  section 
in  gauge  section  1 cm  from  fracture  lOOX  (b)  cross  section  lOOX  (c)  fracture  end 
200  X 
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Fig.  8-U-718  light  micrographs,  100 X,  top  of  billet  (a)  outer  section  (b)  same, 
longitudinal  cut  (c)  inner  section  (d)  same,  longitudinal  cut 
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Fig.  9-U-718,  light  micrograph  lOOX,  bottom  of  billet  (a)  outer  section  (b)  same, 
longitudinal  cut  (c)  inner  section  (d)  same,  longitudinal  cut 
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Fig.  lO-U-718  SEM  micrographs  from  various  sections  of  the  billet,  as 
received  (a)  top  inner  section  1400X  (b)  bottom  inner  section  1200X 
(c)  bottom  outer  section  2400X  (d)  top  outer  section  2400X 
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Fig.  11  -Cellular  y"  (Nj,Nb)  precipitation  in  U-718  S.  A at  1800®  F ( 1255®K)  and 
double  aged  (a)  bright  field  (b)  dark  field  (c)  diffraction  pattern  showing  the  dark 
field  reflection 
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Ic)  (d) 

Fig.  13-U-718  STDA,  transmission  electron  micrographs  (a,b)  particle-dislocation  networks 
within  the  grain  (y'  + y"), grain  boundaries  relatively  free  of  precipitation  (c)  diffraction 
pattern  Id)  dark  field,  (001)  y' 
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Fig.  15 -Energy  dispersive  X-ray  spectra 


(a)  particle  A.  Figure  14  (b)  particle  B, 
Figure  14  (c)  Matrix,  point  c,  Figure  14 
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(b) 

Fig.  18-Effect  of  solutioning  at  1950®F 
(1339®K),  1-718  (a)  light  microg'-aph 
100 X (b)  SEM  nicrograph  265 X 
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Fig.  19-Transmission  electron  micrograph, 
1-718,  solution  annealed  at  1950®F  (1339®K) 
Diffraction  pattern  identifier  Nj3;  Al,  Ti  (y' ) 
and  NjjNb  (y") 
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Fig.  21  -Transmission electron  micrographs  1-718  STDA 
(a)  da"k  field  (001)  y'  (b)  bright  field  (c)  dark  field, 
same  as  b,  showing  or  MC  carbides  In  grain  boundaries 
and  within  the  grain 
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Fig.  21-(d,ej)  diffraction  pattern, 
dark  field  and  bright  field,  showing 
MgC  precipitation  in  the  grain  boundary 
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Fig.  23- Light  micrographs  longitudinal  sections  of 

notch -tensile  specimens,  1-718  STDA  (a)  tested  at 

RT  (6421)  (b)  tested  at  77°K  (6422)  (c)  tested  at  4.2°K 

(6423)  200X  arrows  indicate  cleavage  otherwise  intergranular  fracture 
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Fig.  25-SEM  micrographs,  fracture  surfaces,  1-718  STDA,  tested  at  4. 2°K  (6413) 
(a)  300X  (b)  750X  (c)  2000X  (d)  3000X.  Surface  covered  with  carbides 
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Fig.  27 -Auger  spectra,  fresh  fracture  surface  specimen  64 XX 
1-718,  STDA 


Fig.  28-1-718,  STDA,  fracture  surfaces 
(a)  scanning  auger  micrograph  of  carbon 
distribution  250X  (b)  SEM  micrograph  of 
typical  fracture  appearance  200  X 
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Fig.  30- Light  micrographs  weld  tensile  specimen 
6511,  1-718  weld  + STDA  tested  at  RT.  200 X (a)  long 
Itudinal  section  at  fracture  (b)  at  hea^  affected  zone 
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Fig.  31  -Light  micrographs,  longitudinal  section, 
weld  tensile  specimen  6513,  1-718  weld  + STDA, 
tested  at  4.2°K.  200X  (a)  at  fracture  (b)  at  HAZ 
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j Fig.  35 -Energy  dispersive  X-ray  spectra, 

I area  scan  of  Figure  34C 
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Fig.  36  -Auger  spectra,  fusion  zone  fresh  fracture  surface, 
specimen  65  XX.  1-718  weld  + STDA, 
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Fig.  37 -Scanning  auger  micrographs,  fracture 
surface,  1-718  weld  + STDA  (65XX).  500X 
(a)  carbon,  272  ev,  distribution  (b)  oxygen  512  ev 
distribution 
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Mg.  38-Llght  micrographs,  longitudinal  section  HAZ  notch-tensile 
specimen  6621,  1-718  weld  + STDA  tested  at  RT  (a)  at  fracture,  200 X 
[b)  HAZ  on  other  end,  50  X 
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Fig.  39-Light  micrographs,  longitudinai  sections,  HAZ  notch-tensiie 
specimen  6623,  1-718  weid  + STD/  tested  at  4.2®K  (a)  at  fracture,  200X 
(b)  HAZ  on  other  end,  50  X 
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Fig.  40-SEM  micrographs,  fracture  surfaces,  HAZ  notch-tensile  specimen  6621 
1-718  weld  + STDA  tested  at  RT  (a)  20X  (b)2000X(c,d)  lOOOX 
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(c)  (d) 

Fig.  42-Light  micrographs  Inconel  706  (a)  VIM-VAR,  solution  annealed  2100°F  (1422°K) 

2 hr,  lOOX  (b)  VIM-EFR,  solution  annealed  2100°F  (1422°K)  2 hr,  lOOX  (c)  VIM-VAR  STDA 
(70XX)  SOX  (d)  VIM-EFR  STDA  (70XX)  SOX 
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Fig.  47 -Light  micrographs,  longitudinal  sections  1-706  te.isile  specimens  200X  (a)  7011  (tested  at  RT) 
(b>  7013  (tested  at  4. 2 “Kl  (c)  7021  (N.T,  RT)  (d)  7023  (N.T4.2“K) 
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Fig.  48-SEM  micrographs,  fracture  surface  706  VIM-VAR  STDA  tensile  specimen  j 

7113,  tested  at  4.2«K  (a.b)  750X  (c)  1500X  (df  3100 X.  Note  dimpled  surface, 

final  fracture  by  intergranular  cracking  (b)  carbides  in  (d)  | 
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Fig.  51  -Light  micrographs  fusion  zone  fracture 
1-706  (a)  specimen  7213  (b)  specimen  7223  both 
tested  at  4. 2° K 200  X 
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Fig.  53- SEM  micrographs,  fusion-zone  fracture 
1-706,  notch-tensile  specimen  7213.  (a)  820X 
(b)  4200X  (c)  4200X.  EDAX  analysis  shown  In 
Figure  54 
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Fig.  54-Energy  dispersive  X-ray  spectra  (a)  inclusion,  Figure  53b  (b)  spot  A 
Figure  53c  (c)  spot  B,  Figure  53c  fd)  spot  C,  Figure  53c 


ikr  j-s--} 


not 


fii 


100  200  300  400  500  600  700  800  900 

Energy  ev 

Fig.  55-Auger  spectra,  fresh  fusion  zone  fracture  surface  specimen 
72  XX,  1-706  weld  + STDA 
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8.0  MAGNETIC  AND  ELECTRICAL  MEASUREMENTS 

Introduction 

The  magnetic  and  electrical  resistivity  measurements  con- 
ducted In  this  portion  of  the  Westlnghouse  Vi  1 j program  are  reported 
herein.  The  purpose  of  such  measurements  Is  to  provide  basic  magnetic 

J 

and  electrical  resistivity  characterization  from  RT  to  /4K  of  those  struc- 
tural candidate  materials  In  conditions  being  evaluated  in  the  Westlnghouse 
program.  In  addition,  five  materials  submitted  by  NBS  have  also  been  In- 
c.1uded.  The  extent  of  this  effort  does  not  at  present  allow  for  more 
Intensive  Investigation  Into  further  understanding  of  such  b' r<  vlor. 

However,  their  engineering  potential  for  cryogenic  applications  renders 
a cataloging  of  their  magnetic  condition  and  electrical  resistivity 

necessary.  In  fact,  as  will  be  discussed  later,  the  results  obtained  ! 

'.0  date  under  this  contract  enable  an  alloy  composition  to  be  given  which  | 

should  be  nonmagnetic  at  4.2K.  Whether  such  a composition  would  have 
suitable  mechanical  properties  also  Is  another  question. 

As  given  In  previous  reports  under  this  contract,  the  magnetic 
measurements  were  made  on  a Foner  type  magnetometer  (PAR  model  155). 

Samples  were  cut  In  the  form  of  cylinders  3 mm  diameter  by  3 mm  In  length. 

The  magnetometer  can  give  magnetization  as  a continuous  function  applied 
magnetic  field  and  this  can  be  done  as  a function  of  temperature.  In 
order  to  examine  ail  tlie  materials  provided  It  was  necessary  to  restrict 
measurements  to  three  temperatures  — liquid  helium  (4.2  K) , liquid 
hydrogen  (20  K)  and  liquid  nitrogen  (78  K) . These  were  obviously  chosen 
for  their  cryogenic  usefulness. 

Figure  1 shows  the  basic  b'-havlor  of  ferromagnetic  and 
anti  ferromagnetic  materials  in  an  applied  magnetic  field.  A magnetic 
field  of  H oesteds  Induces  a magnetization  M per  unit  volume  In  a magnetic 
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material.  The  magnetization  M produces  a magnetic  field  of  4ttM  gauss 

which  adds  (vectorlally)  to  the  applied  field  H to  give  a total  magnetic 

field  or  induction  3 * H + 4irM.  Antlferromagnets  exhibit  a simple  linear 

dependence  of  M on  H whereas  the  ferromagnetics  have  a more  complicated 

non-llnear  dependence.  However,  M for  a ferromagnet  Increases  with 

Increasing  H up  to  a maximum  or  saturation  value  at  a magnetic  field 

value  H . The  magnetic  field  B which  this  saturation  value  prr duces  Is 

4irM  and  Is  also  call.ed  the  saturation  Induction  B . Two  quantities  of 

dB  ^ 

further  Interest  the  permeability  W = and  the  susceptibility 
dM  . . . . „ ...  


X “ — which  from  the  equation  B * H + 4nM  are  related  by  y * 1 + 4ttX. 
Note  that  although  H Is  measured  in  oesteds  and  B and  M In  gauss  the 
distinction  is  only  of  historical  significance.  B,  H and  M are  the  same 
quantities  dimenslonally-flelc’  (or  force)  lines  per  unit  area.  Oesteds 
and  gauss  are  used  as  Interchangeable  ' .it'  for  H unless  a confusion 


between  B and  H needs  to  be  avoided. 


8.1  Magnetic  Measurements 


Table  8.1  sets  out  the  materials  and  their  magnetic  condition 


together  with  the  saturation  induction  value  (B  ) at  the  above  three 


temperatures.  Except  for  the  PD-135  copper,  oil  were  ferromagnetic  to 
some  degree.  In  this  connectio.a  it  is  useful  to  draw  up  a sca’’e  of 


ferromagnetic  strengths.  Pure  iron  has  a generally  accepted  B value  of 


22  kG  (k{ ’ igauss)  at  4.2  K.  Based  on  this  we  c.ntalogue  a material  accord- 


ing to  its  Bg  value 


• 'Values  in  the  range  22  to  10  kG  are  strongly  ferromagnetic. 
•Values  in  the  range  10  to  2 kG  are  ferromagnetic. 

•Values  in  the  range  2 to  0.5  kG  are  weakly  ferromagnetic. 
•Values  in  the  range  0.5  to  0 kG  are  feebly  ferromagnetic. 


It  was  realized  during  the  course  of  these  measurements  that 
for  most  ferromagnetic  materials  it  was  not  possible  to  measure  the 
initial  permeability  or  susceptibility  from  the  magnetization  curves. 
The  solenoid  employed  to  develop  the  applied  w'»gnetic  field  was  of  the 
superconducting  variety.  Although  well  suited  to  providing  fields  in 
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the  kilogauss  range  it  is  not  useable  in  low  fields  (<  100  gauss).  The 
leakage  current  from  the  solenoid  power  supply  developed  a high  enough 
field  to  cause  saturation  in  most  of  the  ferromagnetic  alloys. 

Quantitatively  useful  measurements  are  possible  on  materials 
which  are  still  far  from  saturation  in  fields  of  a few  hundred  gauss. 

This  implies  the  permeability  u ' 1 and  the  susceptibility  x ^ 10~^. 

Only  feebly  ferromagnetic  materials  fulfill  these  conditions  (we  ignore 
for  the  moment  para-,  dia-  and  antiferromagnetism). 

8.2  Discussion 

Before  obtaining  the  results  of  Table  8.1  a literature  survey 
was  conducted  of  published  results  in  magnetic  properties  of  steels  at 
cryogenic  temperatures.  The  search  yielded  references  1 through  5 which 
testifies  to  the  small  amount  of  work  performed  in  this  field  to  date. 
Bearing  in  mind  the  reservations  expressed  at  the  beginning  of  this 
section  we  can  make  one  conclusion  regarding  the  ferromagnetic  materials 
listed  in  Table  8.1.  The  basic  magnetic  condition  is  not  changed  by 
^iffsrent  heat  treatments.  The  magnetization  is  determined  primarily  by 
the  magnetic  elements  in  the  alloy.  Differing  heat  treatments  only 
change  the  size  of  the  magnetization.  Pure  copper  is  diamagnetic, 
however,  PD-135  copper  contains  0.3%  cadmium  and  0.3%  chromium.  Both 
these  are  intrinsically  paramagnetic  in  the  atomic  state  and  clearly 
dominate  the  diamagnetism  of  the  copper.  However,  PD-135  copper  is 
only  weakly  paramagnetic  with  x ~ lO"^  and  thus  should  present  no 
problems  in  any  cryogenic  applications. 

The  use  of  magnetic  structural  materials  in  cryogenic  machinery 
has  a number  of  possible  effects.  Both  ferromagnetic  and  anti  ferromagnetic 
materials  can  perturb  a field  generated  by  windings.  This  is  because  both 
generate  a magnetic  moment  in  the  presence  of  the  field.  A small  element 
dV  of  a structure  acquiring  a magnetic  moment  M in  a field  H experiences 
a couple  M X H dV  and  a force  ^ ^ in  a field  gradient  This 

couple  and  force  integrated  over  the  whole  structure  must  be  known  when 
designing  cryogenic  machinery.  If  structural  materials  need  to  be  non- 
magnetic, i.e.  dia  or  paramagnetic  i r at  least  only  very  slight  magnetic 
then  this  implies  M and  ^ = 0. 
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In  the  presence  of  alternating  or  transient  fields  ferromagnetic 
materials  may  exhibit  a hysteresis  loss  with  a consequent  rise  in  their 
temperature.  Thus,  if  magnetism  cannot  be  eliminated  entirely,  structures 
should  be  at  least  antiferromagnetic  to  eliminate  hysteresis  heating. 

Table  8-2  sets  out  all  the  alloys  studied  to  date  under  the  present 
contract  plus  a few  others  for  added  interest.  Examination  of  this 
table  shows  that  ferromagnetism  predominates  over  antlfer romagnetisn. 

The  weight  percent  compositions  are  rounded  off  nominal  values.  Of  more 
fundamental  value  would  be  the  atomic  percentages,  however,  since  the 
atomic  weights  of  Mn,  Cr,  Ni  and  Fe  are  respectivv'ly  55,  52,  59  and  56 
the  weight  percentages  are  sufficiently  close  to  the  atomic  percentages 
for  the  following  comments  to  hold. 

Mn  seems  to  be  an  important  element  in  determining  whether  an 
alloy  is  anti-  or  ferro-magnetic . Cr  does  not  seem  to  have  the  same 
degree  of  influence  foi  in  Kroraarc  58  and  310 (S)  the  Mn  + Cr  percentage 
remains  roughly  constant  yet  Kromarc  58  with  the  higher  Mn  content  is 
antiferromagnetic  and  310(S)  with  the  low  Mn  content  is  weakly  ferro- 
magnetic. The  Mn  percentages  in  Table  8-2  suggest  that  if  a non- 
magnetic alloy  is  desired  it  would  be  worthwhile  to  examine  a composition 
with  Mn  (5X) , Cr  (20%)  and  more  Ni  than  Fe  to  keep  the  ferromagnetic 
contribution  down.  Note  that  the  atomic  moments  of  Mii,  Cr,  Ni  and  Fe  are 
respectively  5,  A,  0.8  and  2.2  Bohr  magnetons  so  that  Ni  tends  to  dilute 
the  ferromagnetism  of  Fe . We  have  Implicitly  — and  very  naively  — 

assumed  so  far  that  the  antiferromagnetic  components  Mn  and  Cr  dilute 

(8) 

and  ultimately  swamp  the  ferromagnetic  ?Ji  and  Fe.  Carr  has  studied 
the  intrinsic  magnetization  of  the  iron  transition  group  of  metals  in  a 
much  more  svstematic  and  proper  way,  but  his  considerations  were  only  for 
binary  alloys. 

Nitronic  33  stainless  steel  was  also  characterized  for  magnetic 
behavior  at  AK  in  the  form  of  both  base  metal  and  as  weldments  made  by 
three  different  welding  processes.  These  results  (shown  in  Table  8-3) 
indicate  that  the  unstrained  base  metal  is  antiferromagnetic  at  AK 
regardless  of  teh  condition  tested.  All  weldments  made  with  Nitronic  35W 
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filler  material  (which  produced  from  2 to  5%  delta  ferrite  in  the  weld 
^ fusion  zone)  were  found  to  be  feebly  magnetic.  However,  weldments  on 

Nitronic  33  made  by  the  GTAW  proceso  us.ng  a special  filler  material 
(13-20  MnCb)  which  did  not  produce  ferrite  in  the  as  deposited  weld 
metal  were  found  to  be  antiferromagnetic  like  the  base  metal.  Figure  8.2 
0 presents  additional  room  temperature  magnetic  permeability  comparisons 

of  these  various  Hitronlc  33  base  metal  and  weldment  conditions  and 
is  taken  from  Ref.  7.  Additional  RT  permeability  survey  data  on  various 
austenitic  stainless  steels  also  taken  from  Ref.  7 is  included  in 
Q Fig.  8.3  and  Table  8-4. 

8.3  Electrical  Measurements 


o 


1 


0 
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Electrical  resistivity  measurements  were  limited  to  three 
temperatures  — room  (295  K) , liquid  nitrogen  (78  K)  and  liquid  helium 
(4.2  K) . Most  alloys  show  so  little  resistance  change  below  78  K that 
measurements  between  78  K and  4,2  K are  unnecessary.  Measurem^^nts  were 
made  as  before  with  a standard  four  contact  technique  on  bars  of  the 
materials  measuring  approximately  3 mm  by  3 mm  by  2.5  cm.  Table  8.5 
sets  out  the  resistivity  values. 

A few  general  comments  are  appropriate.  For  the  highly 
alloyed  metals  the  resistivity  is  very  roughly  100  yficm  and  reasonably 
temperature  independent.  This  demonstrates  that  impurities,  poly- 
crystallites,  multiple  phases,  etc.  dominate  the  electron  scattering 
over  the  lattice  or  phonon  contributions.  A particular  alloy  composition 
determines  the  resistivity  with  only  very  minor  changes  occurring  for 
different  heat  treatments,  a situation  similar  to  and  even  more  striking 
than  the  variation  in  magnetic  properties  with  heat  treatment.  PD-135 
copper  shows  a surprisingly  small  variation  in  resistivity  which  is 
believed  to  be  accounted  for  by  its  relatively  high  "impurity"  content 
of  0.3%  Cd  and  0.4%  Cr.  The  4.2  K v'lue  of  0.6  pOcm  is  very  much 
greater  than  the  OHFC  copper  value  of  0.C16  yficm.  While  PD-135  may 
have  more  desirable  structural  properties  over  OHFC  its  use  as  say  a 
damper  shield  at  cryogenic  temperatures  would  be  very  inferior. 

However,  at  room  temperature  the  two  materials  are  similar  electrically 
and  would  function  equally  well  when  acting  as  screens  by  eddy  current 
effects. 


i 


I 

I 


i 

' \ 


‘i 


) 

I 


562<  n 


t 


REFERENCES  (Section  8) 


1.  L.  Flansburg,  "Magnetism  in  Austenitic  Stainless  Steels",  thesis 
(1970),  Univ.  of  Iowa,  available  from  University  Microfilms, 

Ann  Arbor,  MJch. 

2.  J.W.  Ackcrmann,  W.A.  Klawitter  and  J.J.  Drautman,  "Magnetic 
Properties  of  Commercial  Soft  Magnetic  Alloys  at  Cryogenic 
Temperatures",  Adv.  in  Cryogenic  Eng.,  1^,  46  (1971),  Ed.  by 
K.  D.  Timmerhaus,  Plenum  Press. 


3.  R.  Kolhaus,  A.R.  Raible  and  W.D.  Weiss,  "Uber  das  magnetische 
Verhalten  oiniger  stabiler  austenitischer  Chrom-Ni eke 1-S table 
in  beroich  t infer  Temperaturen",  Arch  Eisenhiltten , ^ //8,  769 
(1970). 

4.  D.C.  Larbaiestier  and  H.W.  King,  "Austenitic  Stainless  Steels 
at  Cryogenic  Temperatures  1-StrucLural  Stability  and  Magnetic 
Properties",  Cryogenics^  p.  160,  March  1973. 

5.  W.  Stutuis  and  J.R.  Dillinger,  "Magnetic  and  Thermal  Properties 
of  Some  Austenitic  Stainless  Steels  at  Low  Temperatures",  J.  Appl. 
Phys.  2887  (1973). 

6.  W.J.  Carr,  Jr.,  "Intrinsic  Magnetisation  in  All('vs",  Phys.  Re\  . 

85,  590  (1952). 


J.M.  Wells  and  M.W.  Hagadom , "Evaluation  of  Nitronie  33  Stainless 
Steel  for  TFTR  Device  Applications",  Westinghouse  Research  Report 
75-8C3-WETUO-R1,  September  1975. 


563- 


Magnetic  Permeability  ©H  = 200  oersteds) 


V 


(2. 12) 


Curve  681975-A 


X 201SST 


202  SST 


'304SST 


• AISI  304SST 
o AISI  305SST 
^AISI  310(5)  SST 
X AISI201SST 

^ AISI  202SST 
o AISI  205SST 

• AISI216SST 

• N33  (18-3  Mn) 
*N40(21-6-9) 


.305  SST 


.310(5)  SST 


;:3»216SST 
N40  (21-6-9)  SST 


Mn)SST 


30  40  50  60 

Percent  Cold  Work 


Fig.  8. 3- Summary  comparison  of  published  magnetic  perme- 
ability values  of  various  austenitic  stainless  steels  at  room 
temperature 
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TABLE  8-2 

COMPARISON  OF  MAGNETIC  PROPERTIES  WITH  COMPOSITION 


Material 

Nominal 

Composition  (wt. 

X) 

Magnetic  Condition 
at  4.2  K 

Induction  at 
4.2  K (G) 

Mn 

Cr 

N1 

Fe 

KROMARC  58^ 

10 

15 

22 

49 

Anti ferromagnetic 

— 

310(S)  SS 

2 

24 

20 

53 

Weakly  Ferromagnetic 

500 

NITRON IC  40 

9 

21 

7 

62 

Anti  ferromagnetic 

— 

NITRON IC  33* 

13 

18 

3 

65 

Anti ferromagnetic 

— 

416  SS 

1 

13 

— 

85 

Strongly  Ferromagnetic 

16,400 

INCONEL  X-750^ 

- 

15 

73 

6 

Weakly  Ferromagnetic 

1,200 

INCONEL  706t 

- 

16 

42 

37 

Ferromagnetic 

3,200 

INCONEL  718t 

- 

18 

53 

18 

Weakly  Ferromagnetic 

1,100 

INCONEL  LEA+ 

- 

— 

40 

55 

Strongly  Ferromagnetic 

13,000 

H/.STELLOY  B** 

0.5 

0.3 

_iLj 

5 

Weakly  Ferromagnetic 

500 

*See  lieference  7 1 

I 

**  Contains  also  Co  i 

tApplles  to  all  base  metal  and  weldment  conditions  tested. 


568< 

♦ 

I 

] 


V, 


TABLE  8-3 


t 


[ 


I 

\ 


f i 

II 

' I 

I 

I 


’-ir 


MAGNETIC  PROPERTIES  OF  THE  ALLOY  NITRONIC-33 


NITRONIC  33 

A 

Condition 

Magnetic  Condition 

Induction  at  4.2  K 

SAW 

Feebly  Ferromagnetic 

330 

SMAW 

Feebly  Ferromagnetic 

420 

GTAW 

Feebly  Ferromagnetic 

330 

STQ 

An  ti f e r romagne  tic 

- 

STFC 

Antiferromagnetic 

- 

AR 

Anti ferromagnetic 

- 

GTA(13-20) 

Antiferromagnetic 

- 

*Weldments:  SAW  - (filler  N35W) 

SMAW  - (filler  N35W) 

GTAW  - (fill.T  N35W) 

GTA(I3-20)  - (filler  13-20  MnCb) 

*Base  Metals:  AR  - as  recel\ecl 

STQ  - anncal-»d  (solution  treated)  at 

1066*C  for  1 hour  and  water  quenched 
STFC  - annet'lel  (solution  treated)  at  1066*C 
for  1 hour  and  slow  furnace  cooled. 
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TABLE  8-5 

ELECTRICAL  RESISTIVITY  OF  MATERIALS 


Resistivity  in  uO  cm 


INCONEL  718  - 
(VIM-VAR) 
INCONEL  706  - 
(VIM-EFR) 
INCONEL  706  - 
(VIM-VAR) 
Copper-PD-135 
Fe-682  Ni 
AISI  - 416  SS 
Fe-3X  Si 
ARMCO-Fe 
INCONEL  X750 
(HIP) 

INCONEL  LEA  - 
(AM-VAR) 


Condition 


ST/GTAW/STDA(FZ) 

STDA 

STDA 

ST/GTAW/STDA 
EXT/PHT 
Annealed 
STQ  & T 


ST/GTAW/STDA 

STA 

ST/GTAW/STA 


4.2  K 

78  K 

295  K 

111 

112 

118 

113 

113 

121 

95 

96 

1C  8 

96 

98 

109 

94 

96 

114 

0.60 

0.78 

2.3 

12 

13 

24 

55 

06 

71 

39 

40 

49 

3.2 

4.1 

14 

117 

118 

139 

71 

76 

98 

72 

76 

99 
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Scientific  Paper  75-1E7-CRYWT-P1  May  7,  1975 

Proprietary  Class:  Unrestricted 


CRYOGENIC  FRACTURE  MECHANICS  PROPERTIES  OF  SEVERAL  MANUFACTURING 
PROCESS/HEAT  TREATMENT  COMBINATIONS  OF  INCONEL  X750 

W.  A.  Logsdon 
Mechanics  Department 
Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 

INTRODUCTION 

Inconel  X750,  an  austenitic  nickel  base  superalloy,  has  been 

extensively  utilized  in  the  torque  tube,  damper  shield,  outer  rotor 

shell  and  stub  shafts  of  a Westinghouse  prototype  5 MVA  superconducting 

(1  2) 

generator.  * To  aid  in  evaluating  the  fall-safe  performance  of  this 
superconducting  generator,  the  fracture  mechanics  as  well  as  mechanical 
properties  of  several  manufacturing  process/heat  treatment  combinations 
of  Inconel  X750  were  determined  in  cryogenic  environments.  These 
Included  three  commercial  melting  practices  plus  hot  Isostatlc  pressed 
Inconel  X750.  Tlie  two  heat  treatments  explored  Included  a solution 
treat  (ST)  and  a solution  treat  and  double  age  (STDA) . 

The  -A52®F  (A. 2 K)  yield  strengths  of  the  various  manufacturing 
proress/heat  treatment  combinations  of  Inconel  X750,  each  with 
c*sse;?tially  the  same  chemical  co'  .osition,  ranged  from  106.8  ksi  (736  MPa) 
to  173.2  ksi  (119A  MPa)  while  the  fracture  toughness  at  this  same 
l'■.emperature  ranged  from  92.2  Lsi/in.  (102  MPa/m)  to  216.0  ksi/in. 


T7* 


(239  MPai^) . In  addition,  the  fracture  toughness  of  Inconel  X750 
decreased  only  slightly  with  decreasing  temperature  over  the  temperature 
range  75*F  (297  K)  to  -452®F  (4.2  K).  Finally,  a general  trend  for 
austenitic  materials  may  have  been  demonstrated  by  Inconel  X750  whereby 
the  growth  rate  of  fatigue  cracks  at  room  temperature  was  at  least 
equal  to  or  In  most  cases  substantially  greater  than  at  -432°F  (4.2  K) , 
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MATERIALS 

Four  forms  of  Inconel  X750  materials  Including  three  commercial 
melting  practices  plus  hot  Isostatlc  pressed  Inconel  X750,  each  essen- 
tially of  the  same  chemical  composition,  were  examined.  Thii  chemical 
compositions  and  heat  treatments  relative  to  these  materials  are  pre- 
sented In  Table  I.  Hardness  and  grain  size  measurements  are  Included 
in  Table  II. 

The  three  commercial  melting  practices  relative  to  Inconel 
X750  Included: 

VIM-VAR  - Vacuum  Induction  melted  followed  by  vacuum  arc 
remelt 

AAM-VAR  - Air  arc  melted  followed  by  vacuum  arc  remelt 

VIM  - Vacuum  induction  melted 

The  (VIM-VAR)  Inconel  X750  was  purchased  as  a ten  iruh  (25. A cm)  diameter, 
hot  finished  forging  quality  (HFFQ)  round.  The  (AAM-VAR)  Inconel  X750 
was  obtained  as  a four  inch  (10.2  cm)  diameter  HFFQ  round  while  the 
(VIM)  Inconel  X750  was  obtained  as  a two  inch  (5.1  cm)  diameter  hot 
finished  (HF)  round. 

The  largest  grain  size  is  associated  with  (VIM-VAR)  Inconel 
X750  and  the  smallest  with  (VIM)  Inconel  X750,  while  significant  grain 
size  differences  between  adjacent  grains  within  a particular  microstructure 
exist  in  both  (VIM-VAR)  and  (AAM-VAR)  Inconel  X750. 
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The  starting  material  for  hot  Isostatlc  pressed  Inconel  X750 
was  (VIM-VAR)  Inconel  X750  billet  stock  which  was  reduced  to  powder 
through  the  Inert  gas  atomizing  process  by  Federal-Mogul.  All  test 
specimens  were  manufactured  according  to  the  following  HIP  process; 

HIP  at  2190*F  (1473  X)  and  10,000  pal  (69  MPa)  (Argon) 

An  examination  of  this  material  both  as  HIPed  and  HIP/STDA  conducted 
with  a scanning  electron  microscope  revealed  a few  Infrequent  small 
pores  at  Interparticle  boundaries,  although  full  consolidation  was 
achieved.  Hardness  of  the  HIPed  Inconel  X750  (both  as  HIPed  and  HIP/STDA) 
was  approximately  15  percent  higher  than  the  corresponding  (VIM-VAR) 
Inconel  X750  (note  Table  II) . 


I 


O 


U 


3 


‘3 


i O 

r 


4 


! 


EXPERIMENTAL  PROCEDURES 


Fracture  Toughness 

The  well  documented  linear  elastic  (K_  ) fracture  criterion 

Ic 

with  Its  Inherent  plane  strain  specimen  size  limitation  cannot  produce 
valid  fracture  toughness  results  (per  the  ASTM  Test  for  Plane  Strain 
Fracture  Toughness  of  Metallic  Materials,  E399-74)  on  tough  austenitic 
materials  such  as  Inconel  X750  unless  specimens  of  very  large  thickness 
are  employed,  which  In  turn  are  not  representative  of  the  cross-sectional 
thicknesses  found  In  actual  cryogenic  structures.  Furthermore,  If  a 
failure  should  occur,  proper  design  of  cryogenic  structures  or  components 
would  cause  these  structures  or  components  to  fall  plastically  (elastic 
plastic  fracture)  as  opposed  to  catastrophically  (linear  elastic 
fracture).  Therefore,  the  fracture  toughness  of  Inconel  X750  was 
obtained  via  the  elastic  plastic  (Jj^)  fracture  crlterlon^^’^^  and  the 
associated  resistance  curve  test  technique  for  determining  elastic 
plastic  fracture  toughness  values. 

All  fracture  toughness  tests  were  conducted  on  one-half  Inch 
(1.27  cm)  thick  compact  tension  specimens.  The  tests  were  performed  on 
a servo-hydraulic  test  machine  using  stroke  control  at  a ram  rate  of 
0.0005  In. /sec.  (0.127  m/sec.).  All  fracture  toughness  specimens  were 
precracked  at  room  temperature  at  loads  considerably  less  than  those 
anticipated  In  the  subsequent  fracture  toughness  tests.  Displacement 
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during  these  fracture  toughness  tests  was  measured  via  a linear  variable 
differential  transformer  (LVDT)  attached  to  the  specimen  front  face. 

All  specimens  removed  from  round  stock  (VIM-VAR,  AAM-VAR  and  VIM)  were 
oriented  so  their  cracks  would  propagate  in  a radial  direction.  The 
specljiens  machined  from  plate  stock  (HIP)  were  oriented  so  the  crack 
starter  notch  was  parallel  to  the  principal  longitudinal  direction. 
According  to  the  Crack  Plane  Orientation  Identification  Code  per  the 
ASTM  Test  for  Plane  Strain  Fracture  Toughness  of  Metallic  Materials 
(E399-74),  these  orientations  are  referred  to  as  the  C-R  and  T-L 
orientations,  respectively. 

Crack  Growth  Rate 

All  fatigue  crack  growth  rate  tests  were  conducted  on  half  inch 
(1.27  cm)  thick  wedge  open  loading  (VIOL)  geometry  compact  tension  specimens 
except  for  the  room  temperature,  air  environment  fatigue  crack  growth 
rate  tests  on  (VIM-VAR)  Inconel  X750,  where  one  inch  (2.54  cm) 
thick  WOL  specimens  were  utilized.  Test  specimen  orientation  was 
identical  with  that  of  the  corresponding  fracture  toughneos  test  specimens. 
All  WOL  specimens  were  precracked  at  room  temperature  at  loads  consid- 
erably less  than  those  employed  in  the  subsequent  fatigue  crack  growth 
rate  test.  Since  crack  growth  rates  can  be  influenced  by  abrupt  tempera- 
ture changes,  tlie  crack  growth  rate  was  allowed  to  stabilii.e  before  data 
were  accepted  as  valid. 

Fatigue  crack  growth  rate  testing  was  conducted  on  a universal 
hydraulic  fatigue  machine  under  sinsoidal  tension  loading.  The  maximum 
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alternating  load  (AP)  was  maintained  constant  throughout  each  Individual 
test.  Test  frequency  equalled  10  Hertz. 

Instanteous  crack  length  in  the  cryogenic  and  room  temperature 
environment  one  half  Inch  thick  WOL  specimen  tests  was  determined  by 
first  measuring  test  specimen  crack  opening  displacement  by  utilizing  a 
linear  variable  differential  transformer  (LVDT)  attached  to  the  specimen 
front  face  and  finally  tran;forming  this  crack  opening  displacement 
value  via  specimen  compliance  into  crack  length.  Test  specimen  compli- 
ance was  determined  by  utilizing  a test  procedure  originally  developed 
by  Novak  and  Rolfe.^^^ 

The  extent  of  fatigue  crack  growth  encountered  during  room 

temperature,  air  environment  cyclic  loading  (ITWOL  test  specimens)  was 

measured  and  recorded  with  an  ultrasonic  nondestructive  testing  crack 
(7) 


growth  monitor. 


RESULTS 


Tensile  Tests 


Smooth-bar  uniaxial  tensile  tests  were  conducted  to  determine 
the  0.2  percent  offset  yield  strength,  ultimate  strength,  reduction  in 
area  and  percent  elongation  of  Inconel  X750.  Tensile  specimen  geometry 
was  0.20  in.  (0.51  cm)  diameter  with  a 1.00  in.  (2.54  cm)  gauge  length. 

The  fracture  plane  orientation  of  the  tensile  specimens  was  equivalent  to 
that  of  the  corresponding  fracture  toughness  and  crack  growth  rate  specimens. 

The  tensile  properties  of  six  manufacturing  process/heat  treat- 
ment combinations  of  Inconel  X750  are  presented  graphically  in  Figures  1 
and  2,  For  the  most  part,  each  data  point  is  the  average  of  two  tensile 
tests.  Note  the  (VIM)  Inconel  X750  produced  the  maximum  0.2  percent 
yield  strength  level  compared  with  all  other  manufacturing  process/heat 
treatment  combinations  of  Inconel  X750  throughout  the  majority  of  the 
test  temperature  range.  In  addition,  (VIM)  Inconel  X750  experienced  the 
largest  increase  in  yield  strength  with  decreasing  temperature.  Also, 
note  the  0.2  percent  yield  strength  of  (AAM-VAR)  Inconel  X750  exceeds 
that  of  solution  treated  and  double  aged  (VIM-VAR)  Inconel  X750  throughout 
the  entire  test  temperature  range.  In  other  words,  a major  processing 
constraint  demonstrated  for  Inconel  X750  is  inferred  as  the  requirement 
for  adequate  thermal-mechanical  working.  Recall  ( VIM-VAR)  Inconel  X750 
was  the  largest  as  received  billet  and  (VIM)  Inconel  X750  the  smallest. 
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In  this  case,  the  most  heaviV  worked  structures  produced  the  higher  yield 
strengths.  Strength  levels  were  inverse  to  as  received  billet  size.  As 
expected,  strength  appears  to  be  an  inverse  function  of  grain  size.  From 
a ductility  standpoint,  this  shows  up  as  improved  ductility  in  Fig.  2 for 
(AAM-VAR)  and  (VIM)  Inconel  X750  versus  (VIM-VAR)  Inconel  X750. 

Further  conformation  of  grain  size  effects  is  obtained  in  the 
powder  processed  (HIP)  Inconel  X750.  Recall,  the  starting  material 
before  hot  isostatic  pressing  was  (VIM-VAR)  Inconel  X750.  Note,  hot 
isostatic  pressing  the  Inconel  X750  resulted  in  a modest  strength 
increase  and  improved  ductility. 

A final  grain  size  effect  can  be  observed  in  the  decrease  in 

yield  strength  with  decreasing  temperature  (between  -320*F  and  -452®F) 

demonstrated  by  (VIM-VAR)  Inconel  X750.  This  apparent  decrease  iv. 

yield  strength  at  -452*F  (4.2  K)  may  be  explained  by  the  fact  that  all 

tensile  specimens  tested  at  -452®F  (4.2  K)  had  a grain  size  about  twice 

(B) 

as  large  as  those  tested  at  higher  temperatures. 

Solution  treating  and  double  aging  the  Inconel  X750  (both 
VIM-VAR  and  HIP)  resulted  in  a 15  to  25  percent  increase  in  yield 
strength  and  a significant  decrease  in  ductility. 


Notched  Tensile  Tests 


The  purpose  of  notched  tensile  tests  is  to  scr-'en  the  notch 
toughness  in  terms  of  the  comparison  parameter  defined  as  the  ratio  of 
notched  tensile  fracture  strength  to  the  tensile  yield  strength  of  a 
particular  material  for  a specific  notch  acuity.  Increasing  values  of 
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the  ratio  above  1.0  are  considered  to  indicate  increasing  ability  of  the 
material  for  plastic  deformation  at  the  notch  tip.  Stated  alternatively, 
increasing  values  of  the  ratio  above  1.0  can  be  utilized  as  a measure  of 
the  material's  resistance  to  catastropic  brittle  fracture. 

In  all  cases,  the  root  radius  at  the  bottom  of  a particular 
test  specimen's  sharp  V-notch  was  adjusted  to  yield  a stress  concentra- 
tion factor  (K^)  equivalent  to  10.  It  should  be  pointed  out  that  the 
notched  tensile  fracture  strength  was  calculated  by  dividing  the  maximum 
load  experienced  by  a test  specimen,  or  in  a few  cases  where  the  load 
dropped  slightly  before  failure  dividing  the  fracture  load,  by  its 
original  as  opposed  to  final  cross-sectional  area.  This  was  largely  due 
to  the  great  difficulty  in  accurately  measuring  the  extremely  small 
change  in  test  section  diameter  (hence  cross-sectional  area)  experienced 
by  the  test  specimen. 

The  notched  tensile  properties  of  Inconel  X750  are  summarized 
in  Table  II.  Note  for  Inconel  X750  regardless  of  manufacturing  process, 
heat  treatment  or  test  temperature,  the  ratio  of  notched  tensile  fracture 
strength  to  tensile  yield  strength  is  always  greater  than  one,  the  minimum 
value  equaling  1.5. 

Fracture  Toughness  Tests 

Tlie  elastic  plastic  fr^^cture  toughness  values  of  Inconel 

X750  are  summarized  ir  Table  III  while  the  associated  J resistance 

curves  are  illustrated  in  Fig.  3.  For  comparison  purposes,  the  ratios 

2 

Kic/Oygand  also  included  in  Table  III.  Typically,  the 

material  with  the  highest  ratio  can  be  expected  to  be  the  most 
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The  plane  strain  crack  size 
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0 
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tough  material  for  a given  application. 

2 

factor,  (Kjj,/Oyg)  , provides  a measure  of  toughness  that  accounts  in  a 

single  parameter  for  the  interactions  of  Kjj.  and  strength  on  crack  size 

tolerance. Stated  alternatively,  when  conducting  a parametric 

fracture  mechanics  analysis  (that  is,  the  applied  stress  is  considered 

to  be  a fixed  percentage  of  the  particular  material's  yield  strength), 

the  critical  defect  size  for  failure  in  one  cycle  of  loading  will  be 

(9) 

proportional  to  the  crack  size  factor. 

Returning  to  Table  III,  note  the  fracture  toughness  of  solution 

treated  (VIM-VAR)  Inconel  X750  was  determined  at  both  room  temperature 

as  well  as  -452®F  (A. 2 K).  The  fracture  toughness  of  solution  treated 

(VIM-VAR)  Inconel  X750  decreases  by  only  11  percent  in  going  from  75“F 

(297  K)  to  -A52®F  (A. 2 K) . This  behavior  is  typical  for  austenitic 

materials,  where  the  fracture  toughness  essentially  remains  constant 

with  temperature  from  room  temperature  down  to  as  low  as  -A52’F  (A.  2 K) . 

Further  conformation  of  this  behavior  has  been  presented  by  Tobler,  et  al, 

who  observed  an  8 percent  decrease  in  fracture  toughness  of  solution 

treated  and  double  aged  Inconel  X750  over  the  temperature  range  75“F 

(12) 

(297  K)  to  -320“F  (77  K).  In  addition,  Pettit,  et  al,  observed  this 

same  moderate  insensitivity  of  fracture  toughness  to  temperature  on 

(13) 

Inconel  718  sheet  and  welds. 


The  crack  size  factor  is  not  related  to  critical  crack  size  at  a stress 
equal  to  the  yield  strength  but  only  under  small-scale  yield,  that  is, 
at  applied  stresses  appreciably  below  the  yield  strength. 
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Clearly,  the  highest  fracture  toughness  and  crack  size  factor 
results  from  (AAM-VAR)  Inconel  X750.  Note  also  the  fracture  toughness 
of  (VIM)  and  unheat  treated  (HIP)  Inconel  X750  are  quite  adequate.  The 
fracture  toughness  demonstrated  by  (VIM-VAR)  and  (HIP/STDA)  Inconel  X750, 
however,  are  considerably  b'^low  those  of  the  other  manufacturing 
process/heat  treatment  combinations  of  Inconel  X750.  According  to 
Kossowsky,  the  low  fracture  toughness  of  the  (VIM-VAR) 

Inconel  X750  can  be  attributed  in  part  to  the  continuous  pT-edpl  atlon  of 

(14) 

carbides  in  the  grain  boundaries.  ' These  carbides  provide  ensy  crack 
initiation  sites  and  a continuous  path  for  crack  propagation.  Thus,  cracking 
idtlates  at  lower  stress  levels  and  crack  propagation  through  the  boun- 
daries encounters  little  resistance.  Recall,  the  starting  material 
before  hot  Isostatlc  pressing  was  (VIM-VAR)  Inconel  X750.  On  the  other 
hand,  neither  the  (AAM-VAR)  or  (VIM)  Inconel  X750  exhibited  continuous 

chains  of  grain  boundary  carbides,  which  accounts  in  part  for  their  high 

(lA) 

ductility  and  fracture  toughness. 

It  is  interesting  to  note  that  the  -452® F (A. 2 K)  fracture 
toughness  values  of  the  various  manufacturing  process/heat  treatment 
combinations  of  Inconel  X750,  each  with  essentially  the  same  chemical 
composition,  ranged  from  92.2  ksi*^ in.  (102  MPa/  m ) to  216.0  ksl/ln. 

(239  MPa/in)  while  the  yield  strength  at  this  same  temperature  ranged 
from  106.8  ksi  (736  MPa)  to  173.2  Pioi  (1194  MPa).  Obviously,  a designer 
must  select  not  only  the  best  raateric.1  for  a particular  application  but 
also  the  best  manufacturing  process/heat  treatment  combination  relative 
to  that  material. 
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Crack  Growth  Rate  Tests 


The  fatigue  crack  growth  rate  data  generated  on  the  various 

manufacturing  process/heat  treatment  combinations  of  Inconel  X750  are 

dfl 

summarized  in  Fig.  4,  Th**  raw  log  versus  log  AK  data  demonstrated 
the  nearly  linear  relationship  typical  of  most  fatigue  crack  growth  rate 
data.  Since  this  linear  relationship  existed,  the  crack  growth  rate 
data  was  expressed  in  terms  of  the  generalized  fatigue  crack  growth  rate 
law  developed  by  Paris. This  crack  growth  rate  law  is  expressed  as: 
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dN 
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where  is  the  rate  of  crack  growth,  is  an  intercept  constant  deter- 
mined from  the  log  versus  log  AK  plot,  n is  the  slope  of  the  log-log 
plot  and  AK  is  the  stress  intensity  factor  range. 

Returning  to  Fig.  4 perhaps  the  most  obvious  conclusion  is 
t’  at,  for  two  of  the  three  cases  where  both  room  temperature  and  -452"F 
(4.2  K)  fatigue  crack  growth  rate  tests  were  conducted  (Inconel  X750 
VIK-VAR  and  AAM-VAR) , the  growth  rate  of  fatigue  cracks  is  significantly 
faster  at  room  temperature  than  at  -452®F  (4.2  K).  For  (VIM)  Inconel 
X750,  the  growth  rate  of  fatigue  cracks  was  identical  for  each  of  the 
three  temperatures  investigated.  Therefore,  a general  trend  for 
austenitic  materials  may  have  been  demonstrated  by  Inconel  X750  whereby 
the  growth  rate  of  fatigue  cracks  at  room  temperature  is  at  least  equal 
to  or  in  most  cases  substantially  greater  than  at  -452® F (4.2  K).  Further 
clarification  of  this  trend  has  been  reported  by  Tobler,  et  al,  who  found 


585< 


13 


j'.'. 


I 

J 


o 


the  fatigue  crack  growth  rates  lower  at  cryogenic  temperatures  than  at 

room  temperatu’-e  for  AISI  310  stainless  steel  and  A-286  as  well  as 

(12) 

Inconel  X750.  If  this  trend  toward  faster  crack  growth  rates  at 

room  temperature  versus  -452“F  (4.2  K)  is  substantiated  by  future  tests 
on  several  additional  austenitic  materials,  conservative  room  temperature 
fatigue  crack  growth  rate  properties  could  be  utilized  when  performing 
a fracture  mechanics  analysis  on  an  austenitic  material  structure  or 
component  subjected  to  a liquid  helium  envlronuent  and  expensive  cryogenic 
environment  fatigue  crack  growth  rate  tests  could  be  eliminated. 

Clearly,  among  the  various  manufacturing  process 'heat  treatment 
combinations  of  Inconel  X750  investigated,  the  (AAM-VAR)  Inconel  X750  has 
the  most  conservative  fatigue  crack  growth  rate  properties.  Recall, 
(AAM-VAR)  Inconel  X750  also  yielded,  by  a significant  margin,  the  highest 
fracture  toughness  of  all  the  manufacturing  process/heat  treatment 
combinations  of  Inconel  X750  and  as  such  looks  extremely  attractive  for 
cryogenic  structural  applications.  Actually,  in  those  cases  where  the 
various  Inconel  X750's  were  solution  treated  and  double  aged,  above  a 
stress  intensity  range  of  approximately  40  ksi/in.  (44  MPa/In)  the  fracture 
toughness  and  fatigue  crack  growth  rate  properties  paralleled  each  other; 
that  is,  the  greater  the  fracture  toughness  the  slower  the  fatigue  crack 
growth  rate.  This  behavior  is  expected  based  on  the  work  done  by 
Kossowsky,  who,  as  previously  mentioned,  found  continuous  chains  of 
grain  boundary  carbides  in  (VIM-VAR)  Inconel  X750  but  none  in 
(AAM-VAR)  or  (VIM)  Inconel  X750.^  ^ Since  these  carbides  provide  easy 

crack  initiation  sites  and  a continuous  path  for  crack  propagation. 


vj 


J 


<J 


I 


o 


( 


586*^ 


14 


9 

O 

cracking  initiates  at  lower  stress  levels  and  crack  propagation  through 
the  boundaries  encounters  little  resistance.  Therefore,  not  only  is  the 
Q fracture  toughness  lowered  but  the  growth  rate  of  fatigue  cracks  is 

increased. 

O 
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CONCLUSIONS 

Several  general  conclusions  can  be  dravm  relative  to  the 
cryogenic  fracture  mechanics  and  mechanical  properties  of  Inconel  X750. 
First,  a major  processing  constraint  demonstrated  for  Inconel  X750  is 
inferred  as  the  requirement  for  adequate  secondary  working  in  breaking 
down  cast  ingot  structures  into  wrought  structures.  Strengrh  levels 
were  inverse  to  as  received  billet  size  as  well  as  grain  size. 

In  addition,  the  fracture  toughness  of  solution  treated  vacuum 
induction  melted/vacuum  arc  remelted  Inconel  X750  decreased  only  slightly 
with  decreasing  temperature  (over  the  temperature  range  75°F  (297  K;  to 
-452'*F  (4.2  K)).  This  behavior  is  typical  of  austenitic  materials, 
where  the  fracture  toughness  essentially  remains  constant  with  decreasing 
temperature. 

Finally,  a general  trend  for  austenitic  materials  may  have  been 
demonstrated  by  Inconel  X750  whereby  the  growth  rate  of  fatigue  cracks 
at  room  temperature  is  at  least  equal  to  or  in  most  cases  significantly 
greater  than  at  -452®F  (4.2  K).  If  this  trend  toward  faster  crack  growth 
rates  at  room  temperature  versus  -452®F  (4.2  K)  is  substantiated  by  future 
tests  on  several  additional  austenitic  materials,  conservative  room 
temperature  fatigue  crack  growth  rate  properties  could  be  utilized  when 
performing  a fracture  mechanics  analysis  on  an  austenitic  material 
structure  or  component  subjected  to  a liquid  helium  environment  and 
expensive  cryogenic  environment  fatigue  crack  growth  rate  tests  could 
be  minimized  or  possibly  eliminated. 
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MICROSTRUCTURE  OF  INCONEL  X-750  MATERIALS 
FOR  CRYOGENIC  STRUCTURAL  APPLICATIONS 

Ram  Kossowsky 
Materials  Science  Section 

METALLURGY  AND  METALS  PROCESSING  DEPARTMENT 
Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 

ABSTRACT 

Microstructural  characteristic  and  fracture  modes  of  four  X-750 
materials  were  examined  using  X-ray  diffraction,  light  microscopy,  and 
scanning  electron  transmission  microscopy.  The  four  materials  were  of 
the  same  nominal  composition,  but  varied  in  the  processing  procedurej 
three  were  subjected  to  thermal -mechanical  treatment  following  casting 
while  the  fourth  was  produced  by  Hot  Isostatic  Pressing  (HIP)  consolidation. 
The  microstructural  and  fracture  characteristics  are  used  to  rationalize  the 
observations  of  strength,  toughness  and  crack  growth  properties. 
Recommendations  for  optimization  of  properties  for  cryogenic  applications 
are  advanced. 


1.  INTRODUCTION 

An  applicatiori  area  for  cryogenic  structural  materials 
requiring  immediate  attention  is  superconducting  electrical  machinery 
such  as  the  two  5 MVA  S.C.  prototype  generators  recently  developed  by 

60o<  . 1 . 


Westinghouse.  One  of  the  major  candidate  structural  materials  is  X-750 
which  is  being  utilized  for  the  torque  tube,  damper  shield,  outer  rotor 
shell,  and  stub  shafts.  The  study  described  in  this  paper  was  aimed  at: 
(a)  defining  the  microstructural  characteristics  of  X-750  and  determining 
the  effects  of  processing  on  microstructural  variables;  (b)  defining  the 
failuio  nodes  of  specimens  tested  at  cryogenic  temperatures;  and  (c) 
establishing  a correlation  between  the  observed  mechanical  properties 
at  cryogenic  temperatures  and  microstructural  details. 


2.  MATERIALS  AND  EXPERIMENTAL  APPROACH 

I'our  forms  of  Inconel  X-750  materials  all  of  the  same  nominal 
composition.  Table  1,  were  examined.  Processing  conditions  and  stock 
sizes  are  summarized  in  Table  2.  The  MP  designated  materials  were  obtained 
from  INCO-Huntington  Alloy  Products  Division.  The  HIP  materials  were 
pressed  from  powders  produced  by  inert-gas-atomization  by  Federal-Mogul 
Coirpany.  The  starting  stock  for  the  powder  preparation  was  the  MP-1 
material.  The  MP  designated  materials  were  studied  following  two  thermal 
treatment  conditions:  (a)  solution  treated  for  1 hour  at  1000“C  followed 
by  air  cooling  (ST);  and  (b)  solution  treated,  then  aged  at  740“C  for 
8 hours,  furnace  cooled  to  630°C,  held  for  8 hours,  then  air  cooled  (STDA) . 
llie  HIP  material  was  examined  in  the  as-pressed  condition,  and  in  the 
STDA  condition,  as  in  (2)  above. 
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TABLE  1.  COMPOSITION  OF  X-750 

MATERIALS  IN  WT 

% 

0 

c 

. P Si 

Mn  Ni  Cr 

Nb+Ta  Cu  Fe  A1 

Ti 

MP-1  .04 

.003  .11 

.09  73.0  15.2 

.90  .02  6.5  .92 

2.40 

MP-2  .02 

.004  .24 

.12  74.8  14.2 

.95  .06  6 

.2  .73 

2.62 

0 

MP-3  .04 

.004  .27 

.13  73.2  15.4 

.89  .04  6.9  .68 

2.64 

HIP  powder 

was  produced  from  MP-1 

• 

o 

TABLE  2 

. PROCESSING  OF  X- 

-750  MATERIALS 

Melting 

Designation  Method 

Original 
Billet  Size 

Reduction 

Method 

Final 

Stock  Size 

J 

MP-1 

VIM  ♦ VAR 

50  cm 

hot-rolled, 

1150-1200“C 

25 

cm 

MP-2 

AM  ♦ VAR 

50  cm 

press  forged 
to  37  X 42  cm; 
hot-rolled 

10 

cm 

0 

MP-3 

VIM 

50  X 50 

hot-rolled 

5 

cm 

HIP 

Isostatic 

hot-pressed 

15  X 10  X 1 cm 

— 

15  X 10 

X 1 cm 

>3 

VIM 

= Vacuum  Induction  Melt 

VAR 

= Vacuum  Arc  Remelt 

AM 

= Air  Melt 

Microstructural  characterization  anti  fracture  mode  determinations 


j were  carried  out  by  microscopical  examination  of  polished  and  etched 

I 

surfaces,  X-ray  analysis,  and  by  transmission  electron  microscopy  of 

i 

j , thin  foils.  Fracture  modes  were  determined  by  scanning  electron 

microscopy  of  fractured  surfaces  obtained  from  tensile  and  fracture 
toughness  specimens  tested  at  4.2°K. 
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3.  RESULTS 

The  phases  present  in  the  materials  are  shovm  in  Table  3.  The 
diffraction  patterns  were  obtained  from  non-soluble  residues  and, 
therefore,  do  not  show  Y(Ni]  or  Y'(Ni3;  AlTi),  It  is  to  be  noted  that 
M22Cg  carbides  are  not  present.  This  is  in  agreement  with  data  obtained 
for  a large  variety  of  nickel-based  superalloys , where  the  dominant 
carbides  precipitate  during  aging  below  760“C  are  the  MC  types.  The 
^23^6  start  to  evolve  at  about  825®C.  One  should  also  note 

the  oxides  in  the  HIP  material.  These  may  have  resulted  from  oxidation 
during  the  powder  atomization  process. 


TABLE  3.  X-RAY  ANALYSIS  OF  NON-SOLUBLE  RESIDUES 

Phases 

Material/Condition 

Major 

Minor 

MP-1  STDA 

(Ti,  35  Nb) 

C 

(Ti,  20  Nb)  C 
Al2Si04 

MP-2  STDA 

(Ti,  35  Nb) 

C 

TiN 

MP-3  STDA 

(Ti,  35  Nb) 

C 

TiN 

HIP,  as-pressed 

(Ti,  35  Nb) 
Tie 

C 

HIP,  STDA 

(Ti,  35  Nb) 

C 

AI2OX 

Tic  FeTO/i 

Grain  morphologies  are  shown  in  Fig.  1 and  grain  size 
distributions  are  plotted  in  Fig.  2.  The  average  grain  size  of  the  MP-1 
material  is  about  an  order  of  magnitude  larger  than  MP-2  and  MP-3.  In 
the  HIP  material,  grain  size  was  determined  through  prior-particle 
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boundaries,  although,  as  seen  in  Fig.  1 there  is  a substructure  associated 
with  each  particle. 


Figures  3 and  4 show  typical  microstructural  features  revealed 
by  thin  foil  transmission  microscopy.  Continuous  sheets  of  carbides  in 
the  grain  boundaries  are  typical  of  the  MP-1  material  (Fig.  3-a) , while  in 
the  MP-2  and  MP-3  materials  the  carbide  precipitation  is  discontinuous 
and  is  confined  mainly  to  narrow  bands  around  high  angle  boundaries. 

There  are  also  differences  in  the  dislocation  configurations  and  y' 

e 

morphologies.  The  y'  in  the  MP-1  material  (Fig.  4-a)  are  200-300  A 
in  diameter  and  there  is  no  significant  dislocation  structure  associated 
with  the  particles.  The  y*  particles  in  the  MP-3  material  are  of  about 
the  same  size  but  there  are  well  defined  networks  of  dislocations 
associated  with  them.  The  y'  in  the  MP-2  material  appears  as  wide, 
shapeless  spreads  (Fig.  4-b).  The  change  in  the  HIP  material  following 
the  thermal  treatment  is  evident  by  comparing  Figs.  3-d  to  3-e  and 
Figs.  4-d  to  4- e.  The  isostatic  pressing  induces  a high  degree  of 
deformation.  During  aging  most  of  these  dislocations  are  annealed  out 
(Fig.  3-d).  It  should  be  noted  that  the  MP  materials  shown  in  Figs.  3 
and  4 are  also  in  the  aged  condition.  Nevertheless,  the  dislocation 
networks  built  in  durin-  the  thermal-mechanical  processing  are  not 
annealed  out  completely. 

Longitudinal  sections  of  tensile  specimens  tested  to  fracture 
at  4.2°K  are  shown  in  Fig.  5.  The  fractures  of  the  last  three  specimens 
are  along  the  maximum  shear  stress,  i.e.,  at  45°  to  the  tensile  axis, 
while  the  MP-1  material  fractures  in  non-defined  directions.  Furthermore, 
it  is  apparent  from  Fig.  5 that  the  fracture  in  MP-1  is  predominantly 
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intergranular,  while  the  other  three  specimens  exhibit  mixed  modes  of 
intergranular  and  cross -granular  fractures. 

Fractured  surfaces  are  shown  in  the  scanning  electron  micrographs 
of  Fig.  6.  The  intergranular  mode  of  failure  in  MP-1  is  evident  (Fig.  6-a) . 
Also  note  the  long,  deep  grooves  in  the  boundaries  which  are  attributed 
to  pulled  out  carbide  chains.  This  is  in  agreement  with  the  transmission 
micrograph  of  Fig.  3-a.  Although  Fig.  6-b  indicates  some  intergranular 
fracture  in  MP-2,  there  is  ample  evidence  for  a dimpled,  ductile 
deformation  within  the  grains.  The  dimpled  structure  is  less  evident 
in  MP-3  (Fig.  6-e),  and  there  is  an  indication  of  cross-granular 
tearing.  The  HIP  material  shows  features  similar  to  MP-1  and  MP-3. 

There  is  a combination  of  cross -granular  tearing,  intergranular  cracking 
and  a limited  amount  of  dimpled  appearance  within  the  grains . The 
small  particles  seen  in  all  the  micrographs  of  Fig.  6 have  been  identified 
by  energy-dispersive  X-ray  analysis  as  (Ti,  Nb)  C carbides. 

The  mechanical  properties  of  the  X-750  materials  are  summarized 
in  Table  4.^^^  More  detailed  data  can  be  found  elsewhere. The 
data  were  chosen  to  represent  the  significant  effects  of  microstructural 
variations . 


4.  Discussior 

The  data  presented  in  the  above  section  indicate  substantial 
variations  in  the  mechanical  response,  in  the  fracture  characteristics, 
and  in  the  microstructural  features  among  the  four  X-750  materials. 

In  this  section  we  will  show  that  the  mechanical  behavior  can  be  related 
to  key  microstructural  features. 
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TABLE  4.  SUMMARY  OF  MECHANICAL  TEST 
RESULTS  AT  4.2“K,  (AFTER  LOGSDON) 


Material 

Yield  Strength 
Oysj  MN/in^ 

Elongation 

% 

*^IC 

MN/m-V2 

■^ic  2 

MP-1  ST 

73.5 

14.1 

102.1 

1.93 

MP-1  STDA 

86.5 

6.2 

75.6 

0.76 

MP-2  STDA 

97.2 

26.8 

236.2 

5.89 

MP-3  STDA 

119.1 

19.4 

147.9 

1.52 

HIP  as-pressed 

90.0 

22.9 

138.2 

2.36 

HIP  STDA 

103.3 

13.3 

98.2 

0.91 

The  hardening  effect  of  a fine  dispersion  of  a second  phase, 
sucli  as  y'i  has  been  the  key  factor  in  the  development  of  strong  super- 
alloys. The  increase  in  strength  after  aging,  for  example,  MP-1  and  HIP 
materials,  can  be,  therefore,  related  directly  to  the  precipitation  of  y'* 
There  is  also  a small  increase  in  yield  strength  of  the  aged  MP-2  and  MP-3 
as  compared  to  the  aged  MP-1.  This  is  attributed  to  the  smaller  grain 
size  in  the  former  two  materials.  The  degree  of  grain  size  dependence 

of  strength,  expressed  in  terras  of  the  well  known  Hall-Petch  relation, 

-1/2 

i.r.,  c = ♦ Kd  , depends  on  the  slope  K.  It  has  been  shown  in 

numerous  cases  that  the  value  of  K is  quite  low  for  face-centered-cubic 
structures  as  compared  to  body-centered-cubic  structures.  For  example, 
a factor  of  5 decreases  in  grain  size  of  Cu  (K  = 0.36)  results  in  less 
than  10%  increase  in  strength,  while  in  Fe  (K  = 2.39)  the  same  decrease 
in  grain  size  results  in  more  than  50%  increase  in  strength.  Since 
X-750  has  the  f.c.c.  structure  of  Ni,  one  would  anticipate  the  20%  increase 
in  strength  of  the  MP-2  and  MP-3  over  MP-1  with  an  order  of  magnitude 
decrease  in  grain  size. 


1 


However,  there  are  substantial  increases  in  both  ductilit)*^ 


and  fracture  toughness  of  the  MP-2  and  MP-3  materials  as  compared  to  MF-1, 


with  MP-2  showing  the  highest  toughness  in  the  group.  The  low  toughness 


of  the  MP-1  material  can  be  attributed  to  the  continuous  precipitation 


of  carbides  in  the  grain  boundaries  (Figs.  3-a  and  6-a)  . These  carbides 


provide  easy  crack  nucleation  sites  and  a continuous  path  for  crack 


propagation.  Thus,  cracking  initiates  at  lower  stress  levels  and 


crack  propagation  through  the  boimdaries  encounters  little  resistance. 


MP-1  thus  fails  with  low  overall  strain  and  low  fracture  toughness. 


The  HIP  materials  exhibit  an  appreciable  reduction  in  ductility  and 


fracture  toughness  upon  aging.  As  in  the  case  of  MP-1,  long  chains 


of  grain  boundary  carbides  (Fig.  6-d)  can  account  for  the  deterioration 


in  properties.  Contrary  to  that,  both  MP-2  and  MP-3  do  not  exhibit 


continuous  chains  of  grain  boundary  carbides,  which  results  in  high 


ductility  and  fracture  toughness. 


The  general  appearance  of  the  MP-2  material  is  that  of  a heavily 


worked  structure.  Even  after  aging,  a substantial  residual  density  of 


dislocation  is  present  (Fig.  3-b) . Figure  4-b  shows  that  MP-2  has  also 


a different  morphology  of  y'f  which  appears  in  the  form  of  ragged. 


widely  spread  particles,  rather  than  the  spherical  particles  typical  of 


the  other  material.  The  indication  is,  therefore,  that  in  the  case  of  MP-2, 


Y'  precipitation  has  lost  coherency.  One  of  the  known  effects  of  the 


semi-coherent,  spherical  y\  is  to  cause  planar  motion  of  dislocations 


during  deformation.  This  implies  a rather  low  rate  of  work  hardening. 


On  the  other  hand,  the  non-coherent  y'  in  MP-2,  will  not  promote  planar 


slip.  Cross  slip  will  become  more  prevalent  leading  to  an  increase  in 


the  rate  of  work  hardening.  One  of  the  prevailing  theories  on  the  effect 
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5.  CONCLUSIONS 


1 


(1)  Grain  size  has  a small  effect  on  the  strength  of  X-750 
at  low  temperatures. 

(2)  Residual  dislocation  density  and  y'  morphology  accoimts 
for  an  increase  in  fracture  toughness. 

(3)  Carbide  chains  in  the  grain  boundaries  are  detrimental 


to  low  temperature  strength. 
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of  structure  on  crack  propagation  ^ equates  the  degree  of  work  hardening 
with  a decrease  in  the  rate  of  crack  propagation  by  invoking  a blunting 
mechanism  at  the  crack  tip. 

We,  therefore,  propose  that  the  existing  dislocation 
structure  in  the  MP-2  material  cjupled  with  the  non-spherical  y' 
precipitates  promotes  a high  degree  of  work  hardening  which  results  in 
a substantial  improvement  in  the  fracture  toughness  of  this  material. 

Additional  support  to  the  above  argument  is  provided  by 
conparing  (a)  MP-1  in  the  ST  condition  to  HIP  os-pressed  (Table  4) 
and  (b)  the  two  HIP  materials.  In  case  (a)  the  detrimental  effect  of 
grain  boundary  carbides  can  be  discounted.  Figure  3-e  shows  a high 
residual  dislocation  density  that  resulted  from  the  deformation  during 
the  pressing  process.  This  is  the  major  difference  between  MP-1  and 
the  HIP  material  prior  to  aging  and  it  accounts  for  the  30%  increase 
in  fracture  toughness  in  the  latter.  In  case  (b)  the  residual  dislocation 
density  in  the  HIP  material  is  completely  annealed  out  after  aging 
(Fig.  3-d).  Although  aging,  which  results  in  a 10%  increase  in  strength 
due  to  y'  precipitation,  can also  account  for  the  30%  reduction  in 
fracture  toughness. 


• » < 


(4)  A controlled  microstructure,  resulting  from  lowering 
carbide  contents,  and  a built-in  dislocation  structure  resulting  from 
an  optimized  thermal-mechanical-treatment  are  recommended  to  improve 
strength  and  ductility  of  X-750  at  low  temperatures. 
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Fig.  7-31-  High  magnification 
transmission  electron  micrographs. 
a-<J:  MPl,  MP2,  MP3,  HIP,  respectively, 
in  the  aged  condition,  e:  HIP,  as  pressed 
0.  5 jm  Scale  bars 
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EVALUATION  OF  INCONEL  X750  WELDMENTS  FOR 
CRYOGENIC  APPLICATIONS 

J.  M.  Wells 

Westinghouse  Research  Laboratories 
Pittsburgh,  Pennsylvania  15235 

1.  INTRODUCTION 

Advanced  cryogenic  machinery  such  as  present  generation  5MVA 
superconducting  generator  prototypes  (1,2)  contain  welded  rotor  com- 
ponents which  experience  high  rotational  stresses  at  extreme  cryo- 
genic temperatures  to  4.2  K.  To  ensure  achievement  of  a reliable 
failure-safe  design  of  such  components,  adequate  characterization  of 
weldments  in  specific  materials  of  processed  and  fabricated  conditions 
representative  of  those  considered  for  employment  in  final  fabricated 
hardware  must  be  accomplished. 

This  paper,  therefore,  reviews  the  results  of  an  evaluation 
of  several  weldments  in  Inconel  X750  nickel-base  superalloy,  one  prime 
candidate  structural  material  for  such  cryogenic  machinery  applications. 
Gas  Tungsten  Arc  (GTA)  and  Vacuum  Electron  Beam  (VEB)  weldments  were 
evaluated  in  X750  material  in  three  processed  conditions,  namely; 

(1)  solution  treated  (ST)  prior  to  welding,  (2)  solution  treated  and 
double  aged  (STDA)  prior  to  welding  and  (3)  solution  treated  and  double 
aged  following  welding.  Radiographic,  metal lographic  and  fr^ctographic 
examinations  of  all  weldments  were  conducted.  Mechanical  and  fracture 
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mechanical  tests  were  conducted  on  transverse  weldment  samples  from  room 
temperature  to  4.?  K. 

2.  MTERIAL,  PROCESSING  AND  WELDING  APPROACH 

All  material  was  obtained  from  a single  commercially  procured 
25.4  cm  hot  finished  forging  quality  (HFFQ)  billet,  produced  by  vacuum 
induction  melting-vacuum  arc  remelting  (VIM-VAR).  Transverse  full  cross 
sectional  slices  approximately  1.6  cm  (5/8  inch)  thick  were  cut  from  the 
original  billet  to  provide  round  "plate"  stock  from  which  samples  to  be 
welded  were  machined.  Chemical  analysis  of  the  X750  material  used  is 
given  in  Table  I. 

Samples  were  machined  from  each  cross  section  slice  to  allow 
three  weld  test  samples  of  approximately  25cm(10  in.)  in  length  for  each 
weldment/heat  treatment  condition.  Weldments  were  made  by  both  vacuum 
electron  beam  welding  without  filler  wire  addition  and  by  manual  gas 
tungsten  arc  welding  with  INCO  F69  filler  wire.  For  each  of  these  two 
welding  processes,  a series  of  three  pre-ano/or  post-wsld  heat  treatment 
schedules  were  employed,  namely  (a)  solution  treat  before  welding  and 
tested  as  welded,  (b)  solution  treat  and  double  age  before  welding  and 
tested  as  welded,  and  (c)  solution  treat  before  welding  with  a full 
solution  treat  and  double  age  after  welding  and  before  testing.  The 
details  of  these  heat  treating  schedules  are  given  in  Table  II.  Also 
listed  in  Table  II  are  the  basic  welding  conditions  for  both  processes 
employed. 
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3.  MECHANICAL  TESTING  - APPROACH  AND  RESU!  T$ 

Mechanical  tests  consisted  of  standard  smooth  bar  uniaxial 
tensile  tests  on  transverse  composite  base  metal-heat  affected  zone  - 
weldment  samples  to  determine  the  0.2  percent  offset  yield  strength,  (o^  ), 

JO 

ultimate  tensile  strength,  (oyi-^)*  reduction  in  area, (R. A.),  and  percentage 
elongation,  (Elong.).  Smooth  tensile  specimen  geometry  was  0.51  cm 
(0.20  in.)  diameter  with  a 2.54  cm  (1.00  in.)  gauge  length  centered  on 
the  weld  fusion  zone.  Notched  tensile  strength  (NTS)  values  were  also 
determined  on  transverse  composite  weldment  samples  with  a notch  acuity 
(stress  concentration  factor)  of  = 10  located  in  the  approximate  center 
of  the  weld  fusion  zone.  Results  of  these  mechanical  tests  at  297  K, 

77  K and  4.2  K are  given  in  Table  III  for  both  these  weldments  and  the 
corresponding  base  material  (unwelded). 

Fracture  mechanics  tests  were  conducted  to  determine  the 
fracture  toughness  parameter,  fatigue  crack  growth 

rate,  FCGR.  Fracture  toughness  specimens  consisted  of  1.27  cm  (0.500  in.) 
thick  compact  tension  (1/2  TCT)  specimens,  while  FCGR  specimens  consisted 
of  1.27  cm  (0.500  in.)  thick  wedge  open  loading  (WOL)  geometry  compact 
tension  specimens.  All  samples  were  notched  in  the  approximate  center 
of  the  weld  fusion  zone,  with  precracking  achieved  at  room  temperature 
and  at  loadv  appreciably  less  than  that  achieved  in  the  subsequent 
testing.  The  fracture  toughness  values  Kj^  (Jj^.)  were  determined  via 
the  elastic-plastic  (O^j.)  fracture  criterion  and  the  associated  resis- 
tance curve  test  technique  for  determining  elastic-plastic  fracture 
toughness  values  in  the  identical  manner  as  employed  with  corresponding 
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IN  X750  base  metal  as  described  elsewhere  by  Logsdon  (3).  Resulting 
values  of  Kjj,  (Jj^)  and  FCGR  parameters  for  these  weldments  and  the  cor- 
responding base  metal  material  (unwelded)  are  listed  in  Table  IV.  The 
FCGR  data  is  expressed  in  terms  of  a generalized  fatigue  crack  growth  rate 


^ = c ak" 
dn  0 


where  is  the  rate  of  crack  growth,  is  an  intercept  constant  deter- 
mined from  a log  versus  log  aK  plot,  n is  the  slope  of  the  log-log 
plot  and  aK  is  the  stress  intensity  factor  range.  Values  of  the  exponent 

n atid  the  coefficient  C are  listed  in  Table  IV  for  the  various  conditions. 

0 

4 . R.4DI0GRAPHIC,  METALLOGRAPHIC  AND  FRACTOGRAPHIC  RESULTS 

Radiographs  of  all  weldments  were  obtained  and  examined  for 
possible  defects.  Photographs  of  these  radiographs  have  been  published 
elsewhere  (4).  In  the  VEB  weldments,  intermittent  linear  weld  centerline 
indications  were  observed  and  were  avoided  in  laying  out  mechanical  and 
fracture  mechanics  tests  specimens  from  these  weld  plates.  In  the  GTA 
weldments,  no  linear  defect  indications  were  found,  although  some  small 
scattered  porosity  was  observed  primarily  along  the  center  of  the  weld 
fusion  zone. 

Transverse  sections  were  cut  from  all  weld  plates  and  specimens 
prepared  for  macro  and  microstructural  examination.  Photographs  of 
typical  macro  and  microstructural  features  of  the  weld  fusion  zone- 
heat  affected  zone  and  base  metal  were  also  presented  in  a previous 
report  (5).  Wit!  the  exception  of  some  microfissuring  (see  Fig.  1) 
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along  grain  boundaries  in  the  VEB  weld  heat  affected  zone  immediately 
adjacent  to  weld  fusion  line,  no  anomalies  were  noted. 

A more  detailed  microstructural  analysis  of  the  base  metal 
(unwelded)  employing  x-ray  diffraction,  light  microscopy  and  scanning 
electron  transmission  microscopy  is  reported  elsewhere  by  Kossowsky  (6,7). 
One  highly  significant  finding  on  this  base  material  (MP-1 ) , was  the 
observance  via  thin  foil  transmission  microscopy  of  a continuous  sheet  nr 
film  of  (Ti,  35Nb)C  Carbide  along  the  matrix  grain  boundaries.  Such 
carbide  films  are,  therefore,  present  in  the  starting  material  used  for 
the  present  weldments. 

A series  of  microprobe  trances  was  conducted  on  weldment 
samples  by  scanning  across  the  weld  heat  affected  zone  (HAZ)  into  the  weld 
fusion  zone  (FZ)  and  monitoring  composition  concentrations  for  Ti,  Nb,  Cr 
and  Al.  Photomicrographs  of  these  microprobe  areas  are  shown  in  Figs.  2A 
and  3A  for  the  VEB  and  the  GTA  weldments  respectively.  The  corresponding 
microprobe  trace  results  ^or  Ti  and  Nb  are  shown  in  Figs.  2B  and  3B. 

Traces  for  Cr  and  Al  in  these  weldments  were  not  considered  of  sufficient 
significance  for  inclusion  here.  It  is  observed  that  localized  concen- 
tration increases  in  both  Ti  and  Nb  occur  at  grain  boundary  (and  twin 
locations)  in  both  the  HAZ  and  FZ.  In  addition,  a localized  concentration 
decrease  in  both  Ti  and  Nb  occurs  at  the  HAZ-FZ  interface.  The  general 
background  level  for  these  two  elements  in  the  weld  FZ  appears  generally 
higher  and  experiences  greater  fluctuations  than  in  the  HAZ.  While  high 
Ti  and  Nb  concentrations  exist  in  the  grain  boundaries  of  the  FZ  as  well, 
it  is  felt  unlikely  that  continuous  films  of  MC  Carbide  would  persist 
following  welding,  but  rather  that  discontinuous  MC  Carbide  precipitation 
would  occur. 


t 
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5.  DISCUSSION 


The  yield  strength  and  the  ultimate  tensile  strength  of  the 
IN  X750  base  material  did  not  exhibit  a pronounced  temperature  dependence 
in  either  the  ST  or  the  STDA  heat  treatment  condition.  A systematic 
decrease  in  both  the  reduction  in  area  and  percentage  elongation  with 
decreasing  temperature  was  observed,  however.  Also,  the  notched  tensile 
strength  increased  with  decreasing  temperature. 

The  general  strength  levels  of  both  the  VEB  and  the  GTA  weld- 
ments are  comparable  to  the  correspondingly  heat  treated  base  metal. 
Weldments  without  a post  weld  heat  treatment  had  approximately  75%  or 
more  of  the  yield  and  tensile  strength  of  the  base  metal  (unwelded)  at 
297  K,  and  their  strength  efficiencies  increased  to  about  90%  or  greater 
at  4.2  K.  With  a full  post  weld  STDA  treatment,  both  the  VEB  and  the 
GTA  weldments  demonstrated  a strength  efficiency  of  95  to  110%  of  the 
corresponding  STDA  heat  treated  base  metal  through  the  temperature  range 
of  297  to  4.2  K.  Fracture  locations  of  the  smooth  tensile  specimens 
occurred  in  the  weld  HAZ  for  those  weldments  without  a post  weld  heat 
treatment  and  in  the  base  metal  far  removed  from  the  weld  in  weldments 
with  a post  weld  heat  treatment.  Thus,  the  weakest  region  in  any  of 
these  specitnens  was  found  to  be  the  HAZ  in  the  as-welded  condition. 

Fracture  toughness  levels  of  all  weld  fusion  zone  samples 
were  found  to  be  well  in  excess  of  those  of  the  base  metal  in  either  heat 
treatment.  The  VEB  welded  samples  demonstrated  the  highest  levels  of 
fracture  toughness;  in  fact,  VEB  weldments  without  a post  weld  heat 
treatment  proved  to  have  a (Jj^)  value  beyond  the  measuring  capacity 
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of  these  tests  which  employed  the  1/2  TCT  specimens.  The  toughness  levels 
of  the  GTA  weldments  were  found  to  be  somewhat  less  than  that  of  the  VEB 
weldments  but  still  considerably  above  that  of  the  unwelded  base  metal. 

Such  high  fracture  toughness  values  of  these  weldments  were 
not  predicted  a priori  on  the  basis  of  the  simple  mechanical  property 
data  given  in  Table  III.  On  the  contrary,  past  experience  with  fully 
austenitic  AISI  310S  and  Kromarc  58  stainless  steel  weldments  (4,5,7) 
had  shown  markedly  reduced  levels  of  fracture  toughness  in  weldments  as 
compared  to  those  unwelded  base  metals.  Of  course,  those  austenitic 
stainless  steels  were  non-hardenable  and  of  significantly  different 
chemical  composition  so  as  not  to  be  directly  comparable  with  the  present 
IN  X750  material.  Nevertheless,  the  high  Kj^  values  of  these 

weldments  in  IN  X750  is  a more  favorable  situation  indicative  of  larger 
defect  size  tolerance  in  the  weld  fusion  zone  than  in  the  base  material. 

The  results  shown  here  may  not  be  representative  of  weldments 
in  all  IN  X750  material,  since  it  was  shown  (6,7)  that  a continuous 
grain  boundary  carbide  film  existed  in  the  specific  lot  of  material  used 
for  these  weldments.  It  has  also  been  shown  (3,7)  that  base  metal  frac- 
ture toughness  levels  of  IN  X750  material  without  such  continuous  grain 
boundary  carbide  films  are  significantly  higher  than  that  experienced 
with  the  present  base  material.  Although  no  weldments  were  actually 
made  in  these  other  base  metal  X750  materials,  it  is  the  author's  opinion 
that  the  difference  in  fracture  toughness  levels  between  such  weldments 
and  such  alternative  X750  base  materials  would  not  have  been  of  such 
magnitude  as  the  present  results. 
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The  fatigue  crack  growth  rates  measured  for  all  X750  weldment 
conditions  were  identical  to  that  of  the  base  metal  in  either  the  ST  or 

STDA  heat  treatment  at  4.2  K.  No  temperature  dependence  of  the  FCGR  of 

these  weldments  was  detected  from  77  K to  4.2  K.  At  present,  it  is  not 

clear  to  the  author  why  the  FCGR  for  both  the  VEB  and  the  GTA  weldments 

should  be  identical  to  that  of  the  unwelded  base  metal,  since  obvious 
microstructural  differences  exist. 

It  appears  worthwhile  to  further  examine  the  present  weldment 
microstructures.  An  improved  characterization  of  such  weld  fusion  zone 
structures  may  lead  to  a better  understanding  of  why  weld  structures  in 
IN  X750  possess  such  high  fracture  toughness  levels  and  perhaps  lead  to 
processing  technique  modifications  whereby  fracture  toughness  of  both 
base  metals  and  weldments  can  be  optimized. 

6.  CONCLUSIONS 

1.  Mechanical  strength  efficiencies  and  achieved  by  both  VEB 

and  GTA  weldments  in  Inconel  X750  without  a post  weld  STDA  heat  treat- 
ment were  around  75  to  ‘"/0%  of  the  unwelded  base  metal.  Following  a 
post  weld  STDA  heat  treatment,  weldment  efficiencies  were  95  to  110% 
of  the  unwelded  base  metal.  Notch  tensile  tests  did  not  indicate  a 
notch  sensitivity  of  any  weldment  condition  investigated. 

2.  Tensile  fracture  locations  for  weldments  without  a post  weld  heat 
treatment  were  in  the  weld  HAZ  area  adjacent  to  the  weld,  whereas 
following  a full  STDA  post  weld  heat  treatment  the  tensile  fracture 
location  shifted  to  the  base  metal  well  away  from  the  weld  location. 
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).  Fracture  toughness  values  weldments  at 

4.2  K were  appreciably  greater  than  for  the  unwelded  base  metal, 
with  the  VEB  weldments  without  a post  weld  heat  treatment  having 
the  highest  (.Ijj.)  values.  The  STDA  post  weld  heat  treatment 
reduces  the  values  of  both  VEB  and  GTA  weldments. 

1.  No  significant  difference  was  observed  in  the  fatigue  crack  growth 
rate  of  any  weld  condition  investigated  from  that  of  the  unwelded 
base  metal  at  4.2  K.  Also,  there  appears  to  be  no  temperature 
dependence  of  the  FCGR  for  these  weldments  from  77  K to  4.2  K. 

5.  The  larger  values  for  all  weldments  is  partially  attributed 

to  the  dissolution  in  the  weld  •'/usion  zone  of  a continuous  MC  Carbide 
film  present  in  the  parent  base  metal.  Moreover,  it  is  felt  that 
additional  as  yet  unspecified  microstructural  cha“*acteristics  of 
the  weld  fusion  zone  also  contribute  to  the  high  fracture  toughness 


levels  obtained. 
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